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Abstract 
 
 

1,25-dihydroxyvitamin D3 (calcitriol), the active form of vitamin D3 is a hormone with anti-proliferative and pro-
differentiation effects in prostate cancer (PCa) cells. Our ultimate goal is to identify novel therapeutic targets for the treatment of PCa 
with calcitriol. Previous to this study, we have used cDNA microarray analysis of established human PCa cell lines identifying, among 
others, the regulation of genes implicated in prostaglandin (PG) bioactivity. PGs are implicated in the  development and progression of 
PCa, tumor invasiveness and tumor grade. We found that calcitriol down-regulates the expression of cyclooxygenase-2 (COX-2), 
enzyme that initiates PG synthesis, and up-regulates the expression of 15-hydroxyprostaglandin dehydrogenase (15-PGDH) involved 
in the first step in PG inactivation. In this project we analyze these two novel target genes of calcitriol. In this project we found that 
calcitriol reduces the expression of COX-2 mRNA and protein and up-regulates 15-PGDH mRNA and protein. We also found that the 
combined treatment of LNCaP and PC-3 cells with calcitriol and COX inhibitors mediate synergistic growth inhibition, allowing the 
use of reduced doses of both drugs that still resulted in enhanced anti-proliferative activity. The actions of calcitriol to reduce COX-2 
expression and to induce 15-PGDH availability would potentially constitute a pathway to reduce and/or remove active PGs thereby 
diminishing PCa proliferation. These findings suggest that therapy combining calcitriol and COX-2 inhibitors will increase efficacy 
while decreasing side-effects. We strongly believe that the major contribution and significance of this project is to pave the way in the 
designing of new therapeutic approaches for PCa. We propose that the combination of these already approved drugs can be brought to 
a clinical trial swiftly. This study also helps in the understanding of the mechanisms of calcitriol action in prostate cells, generating 
new data to potentially aid in developing treatment strategies to improve PCa therapy. The ability of calcitriol to inhibit PG synthesis 
and stimulate PG destruction appears to be an additional pathway by which calcitriol can enhance PCa therapy. Based on these 
observations a clinical trial has recently been initiated by Dr. D. Feldman and Dr. S. Srinivas at Stanford University combining high 
doses of calcitriol and naproxen in PCa patients with advanced androgen-independent disease who have failed other therapies. The 
initial results are promising (Srinivas et al, unpublished observations). 
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INTRODUCTION 
 

Calcitriol, the hormonally active form of vitamin D, inhibits the growth and development of 

several cancers (1-9). There are multiple mechanisms underlying the anti-proliferative effects of 

calcitriol, which vary between target cells (7, 9). These include cell cycle arrest (7, 9) and the 

induction of apoptosis (7). Several genes that mediate these growth regulatory effects have been 

identified to be the molecular targets of calcitriol action, such as p21, p27, bcl-2, and insulin-like 

growth factor binding protein-3 (IGFBP-3). We recently did cDNA microarray analyses to more fully 

characterize the spectrum of genes regulated by calcitriol in prostate cells (10, 11). Among the newly 

identified genes regulated by calcitriol, we found two genes which play a key role in prostaglandin 

(PG) metabolism: the prostaglandin endoperoxide synthase-2 or cyclooxygenase (COX)-2 and the 

NAD+-dependent 15-hydroxyprostaglandin dehydrogenase (15-PGDH). PGs are synthesized from 

free arachidonic acid (12) by COXs. There are two well-characterized COX isoforms: COX-1, a 

constitutive form of the enzyme, and COX-2, an inducible form of the enzyme. PGs are implicated in 

the initiation and progression of many malignancies including prostate cancer (13-15). Tumor cells 

with elevated COX-2 levels are highly resistant to apoptosis, show increased angiogenic potential, 

and exert suppressive effects on host immunity (13-16). Nonsteroidal anti-inflammatory drugs 

(NSAIDs), known inhibitors of both COX-1 and COX-2 enzymatic activity, are under intense 

investigation to prevent and/or treat malignancies (17, 18). 15-PGDH, which mediates the catalytic 

inactivation of PGs by converting them to the corresponding keto derivatives (19), has been found to 

be down-regulated in some cancers (20, 21) and has recently been regarded as a tumor suppressor 

gene (20).  

Our hypothesis is that calcitriol regulation of PG metabolism (induction of 15-PGDH and 

inhibition of COX-2) is another pathway to remove active PGs that may help to diminish PCa 

proliferation. In this way, calcitriol and NSAIDs would have the same ultimate effect. Unfortunately, 

NSAID use has shown some secondary side-effects including increased risk of heart attacks, stroke, 

sudden death, blood clots, stomach and intestinal bleeding, kidney problems including acute kidney 

failure and worsening of chronic kidney failure (22). On the other hand, calcitriol also has secondary 

effects, namely hypercalcemia. However, this effect can be diminished with intermittent 

administration of calcitriol (23) or with the use of the new analogs of calcitriol (12). To avoid such 

unwanted actions we would resort to the combination of NSAIDs and calcitriol. We predict that the 

combination therapy could allow the use of lower doses of both drugs thus reducing their individual 

side-effects. 

Given the induction of 15-PGDH expression and the inhibition of COX-2 expression by 

calcitriol, both NSAIDs and calcitriol would have the same effect, to reduce the pool of active PGs, 

but by different mechanisms. To us, this strongly suggests that induction of the regulation of PG-

related metabolic genes by calcitriol contributes to its anti-proliferative activity. It also suggests a 

possible synergistic action of calcitriol and NSAID treatment to prevent cancer cell proliferation. We 

hypothesize that the role of calcitriol in the general metabolism of these eicosanoids, by induction of 



  Moreno J. PC040120 

 

 6
15-PGDH and the inhibition of COX-2 expression, contributes to the anti-PCa action of calcitriol. By 

inhibiting COX-2 and stimulating 15-PGDH expression, calcitriol would decrease the levels of 

biologically active PGs in PCa cells and thereby reduce the proliferative stimulation of PGs, much like 

the NSAIDs. Our finding that calcitriol stimulates the expression of 15-PGDH and inhibits COX-2 

assume greater significance considering the putative actions of PGs on PCa cells. 
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BODY  

This study was directed to gain insight on the potential use of calcitriol, the active form of 

vitamin D, as an anti-proliferative agent in PCa by interfering with PG metabolism and actions. 

Our microarray data indicated that calcitriol increased the expression of 15-PGDH and 

significantly decreased the expression of COX-2 in LNCaP human PCa cells (23). We hypothesize 

that this dual action of calcitriol would reduce the levels of biologically active PGs in PCa cells, 

thereby decreasing the proliferative stimulus for PCa growth.  

Our experiments showed that calcitriol inhibits prostaglandin actions in PCa cells by three 

mechanisms: stimulating the expression of prostaglandin catabolizing enzyme 15-PGDH, decreasing 

the expression of prostaglandin synthesizing enzyme COX-2 and inhibiting EP2 and FP 

prostaglandin receptor expression [Moreno, 2005 #89; Moreno, 2005 #45]. We also observed a 

decrease in levels of PGs in the conditioned media of LNCaP cells treated calcitriol. We suspect that 

this was the result of the dual effect of calcitriol on the expression of PG metabolic enzymes (24). 

Furthermore, the combination of calcitriol and various non-steroidal anti-inflammatory drugs 

(NSAIDs) produced synergistic inhibition of PCa cell growth at 2 to 10 lower concentrations of the 

drugs needed to achieve the same effect alone. The findings suggest that calcitriol and NSAIDs may 

be a useful combination for chemotherapy PCa (24). 

MATERIALS AND METHODS 

Cell culture.  

LNCaP (ATCC no. CRL-1740) and PC-3 (ATCC no. CRL-1435) cells were grown in RPMI 

1640 supplemented with 5% FBS, 100 IU/mL of penicillin, and 100 µg/mL streptomycin (Life 

Technologies). Cells were maintained at 37°C with 5% CO2
 in a humidified incubator. 

Plasmid Constructs  

The COX-2 cDNA was a kind gift from Dr. Stephen Prescott from the University of Utah. The 

construction pCOX-2 was obtained by amplifying the complete cDNA decoding the COX-2 by PCR 

using oligonucleotides: 5’-TTT TCT AGA ATG CTC GCC CGC GCC-3’ and 5’-TTT GAT ATC CTA 

CAG TTC AGT CGA ACG-3’. The PCR product obtained with the Taq PCR Master Mix Kit (Qiagen 

Inc. Valencia, CA) was cloned into the pcR2.1 vector (Invitrogen, Carlsbad, CA). The COX-2 full 

length cDNA was isolated by Eco RI restriction and this fragment was sub-cloned into the Eco RI site 

was of the pcDNA3.1(-) eukaryotic expression vector (Invitrogen). The 15-PGDH expression vector 

cloned into the eukaryotic expression vector pcDNA1 (Invitrogen) was a kind gift from Dr. H. H. Tai, 

from the University of Kentucky. 

Transfection 

Plasmids were purified with the Qiagen plasmid purification kit according to the 

manufacturer’s instructions. Subconfluent PC-3 or LNCaP cells were transfected using Trans IT 

Prostate (Mirus Bio Corporation. Madison, WI.) according to the manufacturer’s instructions. For 

stable expression, cells were screened first for their resistance to 600 μg/ml of G418 (Geneticin, 

Invitrogen) and then for either COX-2 or 15-PGDH over-expression using Western blot analysis and 
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measuring PG content in the conditioned media of transfected cells. Cells were maintained in 

medium containing 200 μg/ml of G418. 

Small interfering RNA transfection. 

Subconfluent LNCaP cells were transfected with 30 nmol/L of negative control (Ambion, 

Austin, TX),  or the Silencer Pre-designed 15-PGDH-directed siRNA (# 16708) siRNA (Ambion) using 

siPORT NeoFX (Ambion). Cells were used for experiments Western blot analysis after transfection as 

indicated. 

RNA isolation and real-time reverse transcription-PCR. These procedures were carried out exactly as 

described in (1) (please see Appendix II). Table I lists the primers used. Briefly, total RNA was 

extracted from cells using Trizol reagent (Invitrogen). Five μg of total RNA were used to obtain first 

strand cDNA using the SuperScript III kit (Invitrogen). Gene expression in vehicle or calcitriol-treated 

cells was determined by real-time PCR using the reverse transcription product and gene-specific 

primers (10 pmol) with the DyNamo SYBR Green qPCR kit (Finnzymes, Oy, M.J. Research). Real-

time PCR was carried out using an Opticon 2 DNA engine (M.J. Research). Relative changes in 

mRNA expression levels were assessed by the 2– C(T) method (2). Changes in mRNA expression 

of the different genes were normalized to that of TATA binding protein (TBP) gene. 

TABLE 1. Primers used in real-time RT-PCR. 
Gene Forward Reverse 
bcl-2 5′-TGGGATGCCTTTGTGGAACTAT-3′ 5′-GAGACAGCCAGGAGAAATCAAAC-3’ 

Bax 5'-AGGG TTTCATCCAGGATCGAGCAG-3' 5'-ATCTTCTTCCAGATGGTGAGCGAG-3' 

Cyclin D 5’-CCGTCCATGCGGAAGATC-3’ 5’-ATGGCCAGCGGGAAGAC-3’ 

p21 5′-GCAGACCAGCATGACAGATTT-3′  5′-GGATTAGGGCTTCCTCTTGGA-3′ 
IGFBP-3 5’-AAGTTCCACCCCCTCCATTC-3’ 5’-TCTTCCATTTCTCTACGGCAG-3’ 

AR  5’-AGTCCCACTTGTGTCAAAAGC-3’ 5’-ACTTCTGTTTCCCTTCAGCG-3’ 

VDR 5’-CACTGGCTTTCACTTCAATGC-3’ 5’-CGATGTCCACACAGCGTTTG-3’ 

TGF-b  5’-GATTTCCATCTACAAGACCACGAGG-3’ 5’-GCATCAGTTACATCGAAGGAGAGC-3’ 

VEGF 5’-GAGGAGTCCAACATCACCATGC-3’ 5’-CGTTTAACTCAAGCTGCCTCGCC-3’ 

COX-2  5'-GATACTCAGGCAGAGATGATCTACCC-3' 5'-AGACCAGGCACCAGACCAAAGA-3'  

15-PGDH  5'-GACTCTGTTCATCCAGTGCG-3' 5'-CCTTCACCTCCATTTTGCTTACTC-3' 

TBP 5'-CACTCACAGACTCTCACAACTGC-3' 5'-GTGGTTCGTGGCTCTCTTATC-3' 

  
RESULTS 

Calcitriol exhibits anti-proliferative and pro-differentiation effects in prostate cancer. Our goal 

in this project was to contribute in further defining the mechanisms underlying these actions in human 

PCa cell lines. 

This project was divided into two parts. In the first part we found that calcitriol significantly 

reduced the mRNA and protein expression of COX-2, the key PG synthesis enzyme. Calcitriol also 

up-regulated the expression of 15-PGDH, the enzyme initiating PG catabolism. This dual action was 

associated with decreased PGE2 secretion into the conditioned media of PCa cells exposed to 

calcitriol. Calcitriol also repressed the mRNA expression of the PG receptors EP2 and FP, providing 

a potential additional mechanism of suppression of the biological activity of PGs. Importantly, 

calcitriol attenuated PG-mediated prostate cancer cell growth and blocked the induction of some of 

the functional targets of PGs, like c-fos mRNA expression. The combination of calcitriol with 
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nonsteroidal anti-inflammatory drugs (NSAIDs) synergistically acted to achieve significant PCa cell 

growth inhibition at ~2 to 10 times lower concentrations of the drugs than when used alone. These 

results were published in Cancer Research (1). Please see the full length paper in Appendix II for 

further details.  

In the second part of this project our goal was to gain an insight on how the combination of 

calcitriol and NSAIDs might improve the growth inhibitory actions of each drug alone and to asses the 

relative contribution of COX-2 and 15-PGDH regulated expression on the growth inhibitory actions of 

calcitriol.  

Potential Mediators of the Enhanced Growth Inhibition by the combined treatment with 

Calcitriol and Naproxen in PCa cells 

The combined treatment of LNCaP and PC-3 cells with calcitriol and NSAIDs results in the 

synergistic inhibition of cell growth, as indicated in Figure 5 in Moreno et al. (1) (Please see Appendix 

II). This is true for both COX-2-specific NSAIDs or COXIBs (SC-5825 and NS398) and non-specific 

NSAIDs (naproxen and ibuprofen). To explore the possible molecular mechanisms mediating this 

enhanced growth inhibition, we analyzed the effects of the combination of calcitriol and naproxen, a 

non-specific NSAID For this analysis we used non-specific NSAIDs. This decision was based on the 

equal effectiveness of both classes of NSAIDs to inhibit growth when combined with calcitriol and on 

the recent safety concerns about the chronic use of COXIBs (1). We analyzed apoptosis-related 

genes (bcl-2, bax), cell cycle-related  genes (Cyclin D1, p21, IGFBP-3), PG metabolism-related 

genes (COX-2 and 15-PGDH), steroid receptor genes (AR and VDR) and growth factor genes 

(VEGF, TGF-β) in LNCaP cells. As shown in Table II, the expression of bax, Cyclin D1, p21, COX-

2,15-PGDH, AR, VDR, and TGF-β mRNAs in LNCaP cells is regulated by either calcitriol 10 nM or 

naproxen 150 μM alone, however, the combined treatment of LNCaP cells with the two drugs has no 

further effect on the mRNA expression levels of these genes (Table II). 

Table II. Real-time RT-PCR analysis of gene expression in response to the combination of calcitriol and two 
doses of naproxen. Mean ± SD.  

 Vehicle Calcitriol Naproxen Naproxen 

  10 nM 150 uM 150 uM 

Apoptosis     

bcl-2 1.15 ± 0.15 0.61 ± 0.02 0.42 ± 0.06 0.21 ± 0.03 

Bax 1.09 ± 0.29 0.55 ± 0.14 0.32 ± 0.05 0.41 ± 0.04 

Cell-cycle     

Cyclin D1 0.95 ± 0.04 0.48 ± 0.16 0.32 ± 0.05 0.32 ± 0.01 

IGFBP-3 1.01 ± 0.11 4.54 ± 0.48 2.94 ± 0.08 6.99 ± 0.45 

p21 1.14 ± 0.27 0.96 ± 0.11 3.69 ± 0.55 3.73 ± 0.41 

PG-metabolism     

COX-2 1 .67 ± 0.27 0.67± 0.12 0.66 ± 0.13 0.68 ± 0.47 

15-PGDH 1 ± 0.07 3.12 ± 0.45 2.37 ± 0.79 3.69 ± 0.56 

Nuclear Receptors     

AR 1.47 ± 0.03 1.81 ± 0.22 1.15 ± 0.01 1.74 ± 0.17 

VDR 0.88 ± 0.43 0.48 ± 0.07 0.61 ± 0.09 0.74 ± 0.31 

Growth factors     

VEGF 0.78 ± 0.21 1.15 ± 0.45 0.62 ± 0.11 0.34 ± 0.09 

TGF-beta 1.44 ±  0.12 0.85 ±  0.21 0.49 ± 0.06 0.41 ± 0.29 
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In the case of bcl-2, IGFBP-3, and VEGF mRNA expression, the combination of calcitriol and 

naproxen potentiated the effects of each drug alone. The expression of bcl-2 mRNA was down-

regulated by both calcitriol and naproxen acting alone (Figure 1A), however, the combination 

resulted in the synergistic decrease of the expression of bcl-2 (Figure 1A). The same effect was 

observed in the expression of VEGF mRNA (Figure 1C). IGFBP-3 mRNA expression is induced by 

calcitriol 10 nM and modestly increased by naproxen 150 μM (Figure 1B), with the combination of 

calcitriol inducing a further increase. This suggests that the combination of naproxen and calcitriol 

may act through the induction of apoptosis (2) and attenuating the actions of growth factors (3). The 

combined effect of calcitriol and naproxen in decreasing the mRNA levels of VEGF results is of 

particular interest, considering its role in angiogenesis in PCa (4). 
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Figure 1. Synergistic regulation of gene mRNA expression in LNCaP cells by calcitriol and naproxen. Subconfluent 
LNCaP cells were treated with 0.1% ethanol vehicle (-) or 10 nmol/L calcitriol (Cal) in the presence and absence of the 
indicated concentration of 150 μmol/L naproxen (Nap) for 24 hours. Total RNA was extracted and analyzed for the mRNA 
expression of bcl-2 (A), IGFBP-3 (B) or VEGF (C) by real-time RT-PCR using gene-specific primers. Gene mRNA levels 
were normalized to TBP mRNA levels. Values given as a fraction of control set at 1; columns, mean from two experiments; 
bars, SD. *. P < 0.05, **, P < 0.01,***, P < 0.001 when compared with control. +, P < 0.05, ++, P < 0.01 when compared to 
naproxen alone. 
 

To expand our knowledge on the molecular pathways mediating the enhanced effect of the 

combination of calcitriol and NSAIDs on PCa cell growth inhibition, we plan to use pathway-focused 

arrays, which are designed to determine the expression profile of a pathway-specific panel of genes. 

We are currently studying the effects of the calcitriol naproxen combination on the leves of 

secreted PGs to the conditioned media. 

Role of 15-PGDH increased expression and the COX-2 reduced expression in the anti-

proliferative actions of calcitriol 

We have previously shown that calcitriol increases the expression of 15-PGDH mRNA and 

protein (1). 15-PGDH has a role in mediating growth inhibition (3). Our hypothesis is that the 

calcitriol-induced increase in 15-PGDH expression also plays a role in the growth inhibitory actions of 

calcitriol. To study this possibility, we decided to knock-down the expression of 15-PGHD and 

measure the effects of this knock-down on the growth inhibition induced by calcitriol in LNCaP cells. 

We transfected LNCaP cells with a siRNA directed against 15-PGDH and separately with a controI 

siRNA for comparison. We first analyzed the effects of the siRNA transfection on the 15-PGDH 

protein expression in Western blot assays. We found that the siRNA directed against 15-PGDH 

effectively decreases the expression of the15-PGDH protein (lane 2, Figure 2A) when compared to 

the levels observed in cells transfected with the control siRNA (lane 1, Figure 2A). However, these 

effects are reversed at 72 h (lane 3, Figure 2A), when the 15-PGDH protein levels seem to increase 

again.  
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Figure 2. Role of 15-PGDH in calcitriol-mediated growth inhibition in PCa cell lines. A, 15-PGDH down-regulation by 
siRNA in LNCaP cells. Representative Western blot orLNCaP cells transfected with either a control (Control) or a 15-PGDH-
directed siRNA (PGDH). Protein extracts were obtained at 48 (lane 2) or 72 h (lane 3). The expression levels of 15-PGDH 
were determined by Western blot analysis. Actin detection was included as a loading control. B 15-PGDH stable 
transfection in PC-3 cells. Two independent clones of PC-3 cells transfected with the construct pcDNA1-15-PGDH (PGDH, 
lanes 3 to 6) cDNA or with the empty vector (Control, lanes 1 and 2), were treated with 10 nMol/L calcitriol for 48 h, 
harvested and 15-PGDH and COX-2 levels were determined by Western blot. Actin immunodetection was used as loading 
control. C, effects of 15-PGDH over-expression on the growth inhibitory actions of calcitriol in PC-3 cells stably transfected 
with pcDNA1 vector (empty columns) or PGDH construct.(gray columns) PC-3 cells were treated with 0.1% ethanol vehicle 
(-) or the indicated concentration of calcitriol (Cal). St indicated the levels of DNA at the beginning of the assay. Cell growth 
was determined by measuring the DNA content. DNA contents are given as percentage of control pcDNA transfected cell 
value set at 100%. 100% DNA content for control pcDNA1 cells = 39.12 ± 6.21 μg/well; 100% DNA content for PGDH10 
PC-3 cells = 22.48 ± 9.66 μg/well. Columns, mean from two experiments; bars, SD. *, P < 0.05 when compared with control.  

 

 The effects of 15-PGDH on the growth inhibitory effects of the calcitriol can be alternatively 

studied by over-expressing the protein in 15-PGDH-negative cells. We decide stably transfected PC-

3 cells with the 15-PGDH cDNA, since PC-3 cells lack detectable levels of 15-PGDH (1). After the 

transfection, G418-resistant cells were screened for 15-PGDH expression by immuno-detection of 

the protein using Western blots and by measuring the levels of secreted PGE2 in the conditioned 

media of transfected cells (data not shown). We obtained two independent clones of PC-3 cells 

expressing 15-PGDH. One of them expressed high levels of the active enzyme as indicated by a 10-

fold reduction on the secreted PGE2 levels. Interestingly, we were no longer able to detect COX-2 

protein expression in these cells using Western blot (lanes 5 and 6, Figure 1B) In contrast, the 

protein was detected in the control cells (pcDNA1-transfected cells, (lanes 1 and 2, Figure 2B) and in 

the low (with 2-fold reduction in PGE2 levels respect to the pcDNA1 transfected cells) 15-PGDH 

expressing clones s (lanes 3 and 4, Figure 2B). We next examined the effects of the 15-PGDH over-

expression on the growth inhibitory actions of calcitriol in PC-3 cells transfected with the empty 

pcDNA1 vector or the high 15-PGDH expressing clone. The starting levels of DNA (St columns, 

Figure 2C) were comparatively the same in both pcDNA1 cells or in PGDH cells. At the end of the 

six-day treatment, the DNA levels in the control of pcDNA1 cells was notably higher (39.12 ± 6.21 μg 

DNA/well) than in those cells over-expressing 15-PGDH (22.48 ± 9.66 μg DNA/well). In the pcDNA1-

transfected cells (empty columns, Figure 2C), calcitriol had a modest effect ( 20%) at 1 nmol/L but 

caused significant growth inhibition ( 40%) at 10 nmol/L. These effect, however, is lost in those cells 

over-expressing 15-PGDH (gray colums, Figure 2C). As indicated, the15-PGDH expressing PC-3 

cells we used have a comparatively reduced levels of COX-2 expression and markedly reduced 

levels of PGE2. Also, we found a comparatively lower rate of growth in these cells when campared to 

the empty vector transfected cells. This already slow proliferative state may limit the effects of 

calcitriol. We believe that this unforeseen aspect of the approach can be salved by using inducible 
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expression systems to direct the levels and time of 15-PGDH expression, allowing the cells to 

develope normally until treated with calcitriol. 

 We previously found that calcitriol significantly reduced the mRNA and protein expression of 

COX-2 (1). We hypothesize that the decrease on COX-2 expression by calcitriol has a role on the 

growth inhibitory actions of the hormone. Our approach was to over-express COX-2 in PCa cells and 

then evaluate the effects of this over-expression on the ability of calcitriol to inhibit the growth of 

these cells. We first cloned the full-length COX-2 cDNA in the pcDNA3.1(-) expression plasmid (see 

Methods). We stably transfected PC-3 with these plasmids. After the selection with G418, we 

screened for COX-2 over expression in Western blot assays. We obtained two independent clones of 

PC-3 cells over-expressing COX-2 (Figure 3C). We will use these cells to evaluate the effects of this 

over-expression on the ability of calcitriol to inhibit their growth. 

Vector

PC-3 cells

pCOX-2 I pCOX-2 II
Actin

COX-2

 
Figure 3. COX-2 over-expression in PC-3 cells. PC-3 cells were stably transfected with the plasmid construct pCOX-2. A, 
COX-2 overexpression was assessed by Western blot analysis. Actin immuno-detection was used as loading control. 
 

 

 



  Moreno J. PC040120 

 

13
KEY RESEARCH ACCOMPLISHMENTS 

 

Training accomplishments 
Dr. Moreno has spent her time performing experiments in the laboratory of Dr. David 

Feldman, under the guidance of Dr. Feldman and Dr. Aruna Krishnan, a very experienced Research 

Scientist. 

Dr. Moreno has periodically presented her data to the group of collaborators from the 

laboratories of Dr. Feldman and Dr. Donna Peehl, a long time collaborator, at the weekly lab 

meetings. Dr. Moreno has made formal presentations to the Stanford Prostate Cancer Group and to 

the Department of Urology Research Conference.  

Dr. Moreno attended classes in “Responsible Conduct of Research”, once a week for eight 

consecutive weeks in the period of September-November, 2004. The course was comprised of 

lectures on environmental health and safety, use and protection of human subjects and lab animals, 

conflicts of interest, publication, intellectual property and data, error, negligence or misconduct and 

response to violations of ethical standards. She also received a lecture on “How to Write a Grant” on 

December 2005. This lecture sponsored by the Office of Postdoctoral Affairs is a training workshop 

was dedicated to examine the mechanisms of writing and assembling an NIH grant. During the 

period of January to April 2006, Dr. Moreno attended the series of Scientific Management, developed 

by the by the Office of Postdoctoral Affairs and designed to provide with laboratory and research 

management skills to launch a productive independent career.  

Dr. Moreno has also gained experience in prostate cancer biology, normal and abnormal 

prostate cell function, prostate cancer therapy, chemoprevention strategies and the design of new 

treatment therapies to delay or prevent prostate cancer progression. The methods employed focus 

on hormone action, nuclear receptors, and regulation of target gene transcription and protein 

expression as well as metabolic studies of enzymatic activity and regulation of gene product 

concentration. The methods applied included cell culture, gene expression analysis by real time RT-

PCR, Western blot, gene regulation studies, transfection and reporter gene assays.  

During the period of September 2004 to September 2006, Dr. Moreno completed the 

publication of six papers, three of them directly related to this fellowship published in the Journal of 

Steroid Biochemistry and Molecular Biology, Cancer Research and Anticancer Research (see 

Appendix I-Biosketch). The results of the current project have also been presented at several 

meetings: (1) by Dr. Feldman at the 10th Prouts Neck Meeting on Prostate Cancer, in Maine in 

October 2004, (2) at the Vitamin D Symposium on Cancer, organized by the NIH: Chemoprevention 

& Cancer Treatment: Is there a role for vitamin D, 1α,25(OH)2-vitamin D3 or new analogs 

(deltanoids)", in November, 2004 in Bethesda, Maryland, (3) at the 2nd Int. Symposium on Vitamin D 

Analogs in Cancer Prevention and Therapy. May 2005, Lübeck, Germany, (4) by Dr. Moreno at the 

Endocrine Society’s 87th Annual Meeting, in San Diego California in June 2005 and (5) at the 

Endocrine Society’s 88th Annual Meeting, in Boston Massachusetts in June 2006. 
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Research accomplishments 

The major part of the scientific accomplishments is described in detail in the paper published in 

Cancer Research (Vol. 65: 7917, Sept. 2005), found in the Appendix. 

 Calcitriol exhibits anti-proliferative and pro-differentiation effects in prostate cancer. Our goal 

is to further define the mechanisms underlying these actions. We studied established human prostate 

cancer cell lines and showed that calcitriol interferes with the metabolism of prostaglandins (PGs), 

known stimulators of prostate cell growth in three ways:  

 

- Calcitriol significantly repressed the mRNA and protein expression of prostaglandin 

endoperoxide synthase/cyclooxygenase-2 (COX-2), the key PG synthesis enzyme.  

- Calcitriol up-regulated the expression of 15-hydroxyprostaglandin dehydrogenase, the 

enzyme initiating PG catabolism.  

- We found that this dual action was associated with decreased prostaglandin E2 secretion into 

the conditioned media of prostate cancer cells exposed to calcitriol. 

- Calcitriol also repressed the mRNA expression of the PG receptors EP2 and FP, providing a 

potential additional mechanism of suppression of the biological activity of PGs.  

- Calcitriol treatment attenuated PG-mediated functional responses, including the stimulation of 

prostate cancer cell growth and the up-regulation of PG target genes as c-fos.  

- The combination of calcitriol with NSAIDs synergistically acted to achieve significant prostate 

cancer cell growth inhibition at approximately 2 to 10 times lower concentrations of the drugs 

than when used alone.  

- The regulation of PG metabolism and biological actions constitutes a novel pathway of 

calcitriol action that may contribute to its anti-proliferative effects in prostate cells.  

- We propose that a combination of calcitriol and nonselective NSAIDs might be a useful 

chemo-preventive and/or therapeutic strategy in men with prostate cancer, as it would allow 

the use of lower concentrations of both drugs, thereby reducing their toxic side effects. 

- Based on these observations we have recently initiated a clinical trial of calcitriol and 

naproxen combination in PCa patients with advanced androgen-independent disease who 

have failed other therapies. The regimen includes very high doses of calcitriol (45 micrograms 

of DN-101 from Novacea) once weekly combined with naproxen (400 mg, twice daily) and the 

initial results are promising (Srinivas et al, unpublished observations). 
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REPORTABLE OUTCOMES  
 
Publications:  

- Moreno J., Krishnan A.V., Swami S., Nonn L., Peehl D.M., Feldman, D. 2005. Regulation of 

prostaglandin metabolism by calcitriol attenuates growth stimulation in prostate cancer cells. 

Cancer Res. 65: 7917-7925.  

- Moreno, J., Krishnan, A.V., Feldman, D. 2005. Molecular mechanisms mediating the anti-

proliferative effects of Vitamin D in prostate cancer. J. Steroid. Biochem. Mol. Biol.  97: 31-36. 

- Moreno, J., Krishnan, A.V., Feldman, D. 2006. Mechanisms of vitamin D-mediated growth 

inhibition in prostate cancer cells: inhibition of the prostaglandin pathway. 

Anticancer Res. 26(4A): 2525-2530.  

- Krishnan AV, Moreno J, Nonn L, Swami S, Peehl DM and Feldman D. Calcitriol as a 

Chemopreventive and Therapeutic Agent in Prostate Cancer: Role of Anti-inflammatory 

Activity. J. Bone Mineral. Res. In press. 

 

Scientific Meetings: 

- Feldman, D., Moreno, J., Krishnan A.V. Pathways mediating the growth inhibitory actions of 

Vitamin D in prostate cancer. 10th Prouts Neck Meeting on Prostate Cancer, Prouts Neck, 

Maine October 2004,  

- Feldman, D., Moreno, J., Krishnan A.V. Pathways mediating the growth inhibitory actions of 

Vitamin D in prostate cancer. Vitamin D symposium: Cancer Chemoprevention & Cancer 

Treatment: Is there a role for vitamin D, 1α,25(OH)2-vitamin D3 or new analogs (deltanoids)" 

November, 2004, Bethesda, Maryland. 

- Moreno, J., Krishnan, A.V., Feldman, D.  Pathways mediating the growth inhibitory actions of 

Vitamin D in prostate cancer. Abstracts of the 2nd Int. Symposium on Vitamin D Analogs in 

Cancer Prevention and Therapy. May 2005, Lübeck, Germany. Anticancer Res. 25. 2290. 

- Moreno J., Krishnan AV, Feldman D. Regulation of prostaglandin metabolism by calcitriol: 

Potential role in the treatment of prostate cancer. Endocrine Society’s 87th Annual Meeting, in 

San Diego California, June 2005. 

- Moreno J., Krishnan AV, Peng L, Swami S, Johnson C, Feldman D. Regulation of 

prostaglandin metabolism by calcitriol. Endocrine Society’s 88th Annual Meeting, in Boston 

Massachusetts, June 2006. 

 

Clinical Trial. 

Our findings have now been translated to a clinical trial in men with advanced, androgen-

independent prostate cancer who have failed other therapies. The trial is being carried out by Dr. 

Sandy Srinivas, a medical oncologist who runs the urology cancer section at Stanford University 

School of Medicine with the assistance of Dr. Feldman. The protocol includes DN 101 (Novacea) 45 
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micrograms once weekly and naproxen 400 mgms twice daily. At this time 12 patients have been 

entered into the trial and accrual is continuing. A majority of the pateints have shown a prolongation 

of the PSA doubling time indicating a slowing of the prostate cancer growth. Considering that these 

men have failed all other therapies, this finding is very encouraging of a unique benefit of this 

therapeutic regimen. 
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CONCLUSIONS 

 

Our research is directed at understanding the molecular mechanisms of the anti-proliferative 

activity of calcitriol in prostate cells with the goal of developing strategies to improve PCa treatment. 

Using cDNA microarrays we have recently found that calcitriol modulates the expression genes 

involved in PG metabolism. Calcitriol reduces the expression of COX-2 gene, the enzyme that 

catalyzes PG synthesis and up-regulates the expression of 15-PGDH gene, the enzyme involved in 

PG inactivation. In the current project we found that calcitriol acts by three separate mechanisms: 

decreasing COX-2 expression, increasing 15-PGDH expression, and reducing PG receptor mRNA 

levels. We believe that these actions contribute to suppress the proliferative stimulus provided by PGs 

in prostate cancer cells. Calcitriol treatment attenuated PG-mediated functional responses, including 

the stimulation of prostate cancer cell growth, the secretion of PGs to the conditioned media of PCa 

cells treated with calcitriol and blocking the up-regulation of PG target genes. The combination of 

calcitriol with nonsteroidal anti-inflammatory drugs (NSAIDs), known inhibitors of the enzymatic 

activity of COX-2, synergistically acted to achieve significant prostate cancer cell growth inhibition at 

2 to 10 times lower concentrations of the drugs than when used alone. The regulation of PG 

metabolism and biological actions constitutes an additional novel pathway of calcitriol action 

mediating its anti-proliferative effects in prostate cells. We propose that a combination of calcitriol and 

a nonselective NSAID, such as naproxen, might be a useful therapeutic and/or chemo-preventive 

strategy in prostate cancer, as it would achieve greater efficacy and allow the use of lower 

concentrations of both drugs, thereby reducing their toxic side effects. The action of calcitriol at the 

genomic level to suppress COX-2 gene expression will decrease the levels of COX-2 protein and 

allow the use of lower the concentrations of NSAIDs needed to inhibit COX-2 enzyme activity. The 

most significant contribution of the present project was the establishment of a rationale for the 

treatment advanced PCa. Recently Drs. S. Srinivas and D. Feldman at Stanford University have 

initiated a clinical trial treating patients with advanced androgen-independent disease who have failed 

other therapies with a combination of calcitriol and naproxen. The regimen includes very high doses 

of calcitriol (45 micrograms of DN-101 from Novacea) once weekly combined with naproxen (400 mg, 

twice daily). The initial results indicate a reduction of the PSA rise in some patients (Srinivas et al, 

unpublished observations). 



  Moreno J. PC040120 

 

18
REFERENCES  

 
1. D. Feldman, R. J. Skowronski, D. M. Peehl, Adv. Exp. Med. Biol. 375, 53 (1995). 
2. G. J. Miller, Cancer Metastasis Rev 17, 353 (1998). 
3. B. R. Konety, R. H. Getzenberg, Urol Clin North Am 29, 95 (Feb, 2002). 
4. A. V. Krishnan, D. M. Peehl, D. Feldman, J. Cell Biochem. 88, 363 (Feb 1, 2003). 
5. T. C. Chen, M. F. Holick, Trends Endocrinol Metab 14, 423 (Nov, 2003). 
6. T. M. Beer, A. Myrthue, Mol. Cancer Ther. 3, 373 (Mar, 2004). 
7. L. V. Stewart, N. L. Weigel, Exp. Biol. Med. (Maywood) 229, 277 (Apr, 2004). 
8. D. L. Trump et al., J. Steroid. Biochem. Mol. Biol. 89-90, 519 (May, 2004). 
9. A. V. Krishnan, D. M. Peehl, D. Feldman, in Vitamin D D. Feldman, Pike JW, F. Glorieux, Eds. (Academic 

Press, San Diego, 2005) pp. 1679-1707. 
10. A. V. Krishnan et al., Prostate 59, 243 (May 15, 2004). 
11. D. M. Peehl et al., J Steroid Biochem Mol Biol 92, 131 (Oct, 2004). 
12. J. R. Vane, Y. S. Bakhle, R. M. Botting, Annu Rev Pharmacol Toxicol 38, 97 (1998). 
13. A. Kirschenbaum, X. Liu, S. Yao, A. C. Levine, Urology 58, 127 (Aug, 2001). 
14. T. Hussain, S. Gupta, H. Mukhtar, Cancer Lett 191, 125 (Mar 10, 2003). 
15. J. Moreno, A. V. Krishnan, D. Feldman, J Steroid Biochem Mol Biol 97, 31 (Oct, 2005). 
16. J. Moreno, A. V. Krishnan, D. M. Peehl, D. Feldman, Anticancer Res 26, 2525 (Jul-Aug, 2006). 
17. R. S. Pruthi, E. M. Wallen, Clin Genitourin Cancer 4, 203 (Dec, 2005). 
18. D. Wang, R. N. Dubois, Gut 55, 115 (Jan, 2006). 
19. C. M. Ensor, H. H. Tai, J Lipid Mediat Cell Signal 12, 313 (Oct, 1995). 
20. Y. Ding, M. Tong, S. Liu, J. A. Moscow, H. H. Tai, Carcinogenesis 26, 65 (Jan, 2005). 
21. M. Yan et al., Proc Natl Acad Sci U S A 101, 17468 (Dec 14, 2004). 
22. A. W. Norman, M. T. Mizwicki, W. H. Okamura, Recent Results Cancer Res 164, 55 (2003). 
23. J. Moreno et al., Cancer Res 65, 7917 (Sep 1, 2005). 
24. S. Ahmed, C. S. Johnson, R. M. Rueger, D. L. Trump, J Urol 168, 756 (Aug, 2002). 
 
 



  Moreno J. PC040120 

 

19
 APPENDIX I  

BIOGRAPHICAL SKETCH 

 
NAME 
Jacqueline Moreno 

POSITION TITLE 
Postdoctoral fellow 
 

EDUCATION/TRAINING   

INSTITUTION AND LOCATION DEGREE 
(if applicable) 

YEAR(s) FIELD OF STUDY 

Center for Research and Advanced Studies, Mexico City. 
MEXICO 

M.S. 1998 Cell Biology 

Center for Research and Advanced Studies, Mexico City. 
MEXICO 

Ph.D.  2002 Cell Biology 

    
    

Doctoral Research. July 1998- October 2002. Department of Physiology, Biophysics and Neurosciences, Center for 
Research and Advanced Studies. Research Advisor Dr. Marcelino Cereijido.  

Molecular and cell biology of the epithelial transporting phenotype.  

 - Study of the sorting signals and mechanisms involved in membrane protein targeting.  
 - Analysis of protein-protein interaction motifs and their involvement in determining protein stability and 
retention.  
 - Role of tight junction associated protein phosphorylation on epithelial cell functional integrity.  

Research Experience  
Postdoctoral Associate. October 2002-June 2003, Center for Research and Advanced Studies. Study of the role of tight 

junction proteins and Na,K-ATPase β-subunit on epithelial transport phenotype genesis and maintenance.  
Postdoctoral Fellow. November 2003- . Stanford University. Analysis of the mechanisms of 1α,25-DihydroxyVitamin-D3.  
Scholarships  

1993-1999. Fellow of the National Science and Technology Council (CONACyT, Mexico).  
2004- Postdoctoral Traineeship Award. Department of Defense Prostate Cancer Research Program (PC04120). 

Publications and Presentations 
 - Avila-Flores, A., Rendon-Huerta, E., Moreno, J., Islas, S., Betanzos, A., Robles-Flores, M., Gonzalez-

Mariscal, L. 2001. Tight-junction protein zonula occludens 2 is a target of phosphorylation by protein kinase C. 
Biochem. J. 360: 295-304  

 - Moreno, J., Cruz-Vera, L.R., Garcia-Villegas, M.R., Cereijido, M. 2002. Polarized expression of Shaker 
channels in epithelial cells. J. Membr. Biol. 190: 175-187. 

 - Jaramillo, B.E., Ponce, A., Moreno, J., Betanzos, A., Huerta, M., Lopez-Bayghen, E., Gonzalez-Mariscal, L. 
2004. Characterization of the tight junction protein ZO-2 localized at the nucleus of epithelial cells. Exp. Cell 
Res. 297: 247-258. 

 - Feldman, D., Moreno, J., Krishnan, A.V. 2004. Pathways mediating the growth inhibitory actions of vitamin D 
in prostate cancer. Abstract in the Workshop on Cancer Chemoprevention & Cancer Treatment: Is there a role 
for vitamin D, 1α,25(OH)2-vitamin D3 or new analogs (deltanoids)?. NIH, Bethesda, MD.  

 - Shoshani, L., Contreras, R.G., Roldan, M.L., Moreno, J., Lazaro, A., Balda, M.S., Matter, K., Cereijido, M. 
2005. The polarized expression of Na+,K+-ATPase in epithelia depends on the association between beta-
subunits located in neighboring cells. Mol. Biol. Cell. 16: 1071-1081. 

 - Moreno, J., Krishnan, A.V., Feldman, D. 2005. Molecular mechanisms mediating the anti-proliferative effects 
of Vitamin D in prostate cancer. J. Steroid Biochem. Mol. Biol. 

 - Moreno, J., Krishnan, A.V., Swami, S., Nonn, L., Peehl, D.M., Feldman, D. 2005. Regulation of 
prostaglandin metabolism by calcitriol attenuates growth stimulation in prostate cancer cells. Cancer Res. 65: 
7917-7925. 

 - Moreno, J., Krishnan, A.V., Peehl, D.M., Feldman, D. 2006. Mechanisms of vitamin D-mediated growth 
inhibition in prostate cancer cells: inhibition of the prostaglandin pathway. Anticancer Res. 2006; 26(4A): 
2525-2530. 

Scientific Meetings: 
- Feldman, D., Moreno, J., Krishnan A.V. Pathways mediating the growth inhibitory actions of Vitamin D in prostate 

cancer. 10th Prouts Neck Meeting on Prostate Cancer, Prouts Neck, Maine October 2004,  
- Feldman, D., Moreno, J., Krishnan A.V. Pathways mediating the growth inhibitory actions of Vitamin D in prostate 

cancer. Vitamin D symposium: Cancer Chemoprevention & Cancer Treatment: Is there a role for vitamin D, 
1α,25(OH)2-vitamin D3 or new analogs (deltanoids)" November, 2004, Bethesda, Maryland. 

- Moreno, J., Krishnan, A.V., Feldman, D.  Pathways mediating the growth inhibitory actions of Vitamin D in prostate 
cancer. Abstracts of the 2nd Int. Symposium on Vitamin D Analogs in Cancer Prevention and Therapy. May 2005, 
Lübeck, Germany. Anticancer Res. 25. 2290. 

- Moreno J., Krishnan A.V., Feldman D. Regulation of prostaglandin metabolism by calcitriol: Potential role in the 
treatment of prostate cancer. Endocrine Society’s 87th Annual Meeting, in San Diego California, June 2005.  

- Moreno J., Krishnan A.V., Peng L., Swami S., Johnson C., Feldman D. 2006.  Regulation of the Prostaglandin 
Pathway by Calcitriol in Prostate Cancer. Endocrine Society’s 88th Annual Meeting, in Boston Massachusetts, June 
2006.  
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APPENDIX II 
 
Publications relevant to this award: 

2004-2005: 

J. Steroid Biochem. Mol. Biol. 2005; 97(1-2): 31-36. 

Cancer Res. 65: 7917-7925. 

 

2005-2006: 

Anticancer Res. 2006; 26(4A): 2525-2530. 
 

Scientific Meetings: 

 2004-2005: 

 

- 10th Prouts Neck Meeting on Prostate Cancer, Prouts Neck, Maine October 2004,  

- Abstracts of the 2nd Int. Symposium on Vitamin D Analogs in Cancer Prevention and 

Therapy. May 2005, Lübeck, Germany. Anticancer Res. 25. 2290. 

- Endocrine Society’s 87th Annual Meeting, in San Diego California, June 2005. 

2005-2006: 

- Endocrine Society’s 88th Annual Meeting, in Boston Massachusetts, June 2006. 
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Molecular mechanisms mediating the anti-proliferative effects
of Vitamin D in prostate cancer

Jacqueline Moreno, Aruna V. Krishnan, David Feldman∗

Department of Medicine, Division of Endocrinology, Stanford University School of Medicine, Stanford, CA 94305, USA

Abstract

Calcitriol (1,25-dihydroxyvitamin D3) inhibits the growth and stimulates the differentiation of prostate cancer (PCa) cells. The effects of
calcitriol are varied, appear to be cell-specific and result in growth arrest and stimulation of apoptosis. Our goal was to define the genes
involved in the multiple pathways mediating the anti-proliferative effects of calcitriol in PCa. We used cDNA microarray analysis to identify
calcitriol target genes involved in these pathways in both LNCaP human PCa cells and primary prostatic epithelial cells. Interestingly, two of
the target genes that we identified play key roles in the metabolism of prostaglandins (PGs), which are known stimulators of PCa cell growth
and progression. The expression of the PG synthesizing cyclooxygenase-2 (COX-2) gene was significantly decreased by calcitriol, while that
of PG inactivating 15-prostaglandin dehydrogenase gene (15-PGDH) was increased. We postulate that this dual action of calcitriol would
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f calcitriol. In addition, we propose that calcitriol can be combined with non-steroidal anti-inflammatory drugs that inhibit COX ac
potential therapeutic strategy to improve the potency and efficacy of both drugs in the treatment of PCa.
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. Introduction

Prostate cancer (PCa) is the most commonly diagnosed
alignancy and the second leading cause of cancer death in
orth American men. Primary therapy to treat PCa involves

he surgical removal of the prostate or radiation therapy.
owever, in many men the cancer progresses to advanced
r metastatic disease. Androgens play a crucial role in the
evelopment, growth and maintenance of the prostate. Most
atients with metastatic PCa who have failed the primary

herapy, receive drugs that block the production of andro-
ens[1]. Although most men have a good initial response

o the androgen deprivation therapy, almost all of them
ill eventually relapse after an average of 2–3 years. This
rogression develops when the cancer has evolved from
ndrogen-dependent to androgen-independent PCa (AIPC)
ith limited treatment options and becomes ultimately lethal.
,25-Dihydroxyvitamin D3 (calcitriol), the active metabolite

∗ Corresponding author. Tel.: +1 650 725 2910; fax: +1 650 725 7085.
E-mail address:feldman@cmgm.stanford.edu (D. Feldman).

of Vitamin D, has emerged in recent years as a prom
therapeutic agent in the treatment of PCa[2–11]. Calcitriol
is an important regulator of calcium homeostasis and
metabolism through its actions in intestine, bone, kid
and the parathyroid glands[12]. In addition to these cla
sical actions, calcitriol also exerts anti-proliferative and
differentiating effects in a number of tumors and malign
cells including PCa raising the possibility of its use as
anti-cancer agent.

2. Calcitriol and prostate cancer

2.1. Epidemiological and genetic studies

PCa development has been shown to be associated
age, genetic factors and race[1]. Various studies indicate th
dietary[13] and environmental factors also play a role in P
genesis. Epidemiological data provide a strong correla
between the exposure to sunlight and the prevalence o
tain cancers, particularly prostate cancer[14]. Since UV light
960-0760/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jsbmb.2005.06.012
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is essential for Vitamin D synthesis in the skin, these studies
have led to the suggestion that low circulating levels of cal-
citriol increase the probability of developing PCa. Moreover,
polymorphisms in the gene encoding the Vitamin D receptor
(VDR), which mediates the biological activity of calcitriol,
may be involved in the development and or progression of
PCa[2–11,13,15].

2.2. Prostate as a target for calcitriol

Many studies have demonstrated a beneficial effect of
calcitriol to inhibit PCa growth and progression[2–11]. Cal-
citriol exerts anti-proliferative actions in several PCa cell
lines [16–18], as well as in primary cultures of normal and
cancer cells derived from surgical specimens taken from men
with PCa[19]. The inhibition of PCa cell growth is seen
in both androgen-dependent and AIPC cells[20]. Several
in vivo studies on tumor xenografts established by trans-
planting clinical prostate tumors or cultured human PCa
cells into immune-deficient mice have also demonstrated the
tumor inhibitory effects of calcitriol[2–11]. The concentra-
tions of calcitriol required for eliciting a significant growth
inhibitory response in vivo causes hypercalcemia as a side
effect. Therefore, investigators have used structural analogs
of calcitriol that exhibit reduced calcemic effects in in vivo
studies[2–7,16]. Recent findings suggest that large doses of
c ter-
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3.2. Differential sensitivity to calcitriol action and
24-hydroxylase (CYP24) expression

24-Hydroxylase or CYP24 is the enzyme that initiates
calcitriol catabolism in target cells[12]. Calcitriol induces
the expression of CYP24 in target cells. Therefore, calcitriol
initiates its own inactivation. CYP24 is widely expressed in
calcitriol target tissues including the prostate[16]. We and
others have demonstrated that the anti-proliferative action of
calcitriol varies among PCa cells and is inversely related to
the level of CYP24[16,18]. For example, the DU145 PCa
cells, which are resistant to the growth inhibitory action of
calcitriol, exhibit a high expression of CYP24. Treatment of
the DU145 cells with liarozole, an inhibitor of P450 enzymes,
sensitizes the cells to the anti-proliferative actions of calcitriol
[24]. Similarly, Peehl et al. showed that the combined treat-
ment with the general P450 inhibitor, ketoconazole and cal-
citriol or its analog EB 1089, increased their growth inhibitory
actions[25]. These results strongly suggest that the combi-
nation of calcitriol with P450 inhibitors is a useful strategy to
enhance the anti-cancer activity of calcitriol in PCa treatment.

4. Clinical studies of calcitriol effects in PCa

A pilot clinical study from our lab provides evidence that
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alcitriol can be safely given to patients if administered in
ittently [8,10].

. The role of calcitriol metabolism in cellular
esponsiveness to the hormone

.1. 25-Hydroxyvitamin D3-1-α-hydroxylase (CYP27B1)

25-Hydroxyvitamin D3-1-�-hydroxylase (1�-hydroxy
ase or CYP27B1) is the enzyme mediating the conve
f 25(OH)D3 to calcitriol in the kidney, which is the maj
ite of calcitriol synthesis[12]. Interestingly, it has been foun
hat 1�-hydroxylase is also expressed in tissues other tha
idney including the prostate[21]. This suggests that prosta
issue is able to produce calcitriol locally and raises the
ibility that hypercalcemia could be bypassed by treatm
ith 25(OH)D3. However, we and others[22,23] demon-
trated a substantial reduction in 1�-hydroxylase activi
uman PCa cell lines and cancer derived primary pro
pithelial cells compared to the cells derived from nor
rostate or benign prostatic hyperplasia (BPH). Base

hese findings we speculate that administration of 25(OH3
o patients is unlikely to be effective as treatment of es
ished PCa. However, the fact that normal cells exhibit h
�-hydroxylase activity indicates that 25(OH)D3 may be use
ul as a chemopreventive agent due to its local conversi
he active hormone within the normal prostate. The caus
he decreased expression of 1�-hydroxylase in cancer
emains to be determined.
alcitriol effectively slows the rate of rise of serum p
tatic specific antigen (PSA) in patients with early recur
Ca after radical prostatectomy or radiation therapy[26].
owever, the amount of calcitriol administered was lim
y the development of hypercalciuria. Recent advanc

he design of calcitriol analogs have resulted in pote
rugs with increased potency and less tendency to c
ypercalcemia[2–11]. The beneficial effects of calcitri
ave been observed only at supra-physiological conce

ions (>1 nmol/L). These high concentrations might be m
afely achieved without causing persistent hypercalcem
alcitriol is administered intermittently[8,10]. Recent tri
ls using intermittent high doses of calcitriol in combina
ith chemotherapy drugs have shown a beneficial effe
dvanced PCa[27] with calcitriol potentiating the anti-tumo
ffects of many cytotoxic agents[28]. Trump et al. complete
phase II study of calcitriol and dexamethasone in A

his study showed a significant slowing in PSA rise in 8
f the patients with the stabilization or decrease in PS
4%[10]. We believe that calcitriol or a new analog will pro

o be a very useful adjunct for the therapy of both andro
ependent PCa and AIPC. It is also possible that calc

herapy will prove to be useful in PCa chemoprevention

. Molecular mechanisms mediating anti-cancer
esponse to calcitriol in PCa

The mechanisms governing the anti-proliferative act
f calcitriol are not fully known[2–11]. A number o

mportant pathways have been shown to have a ro
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calcitriol-mediated growth inhibition. A primary mechanism
of calcitriol action is to induce cell cycle arrest in the G1/G0
phase. The growth arrest appears to be due to an increase
in the expression of cyclin-dependent kinase inhibitors
p21Waf/Cip1 and p27Kip1, a decrease in cyclin-dependent
kinase 2 (Cdk2) activity, accompanied by a reduction in
the nuclear fraction of this molecule and the hyperphospho-
rylation of the retinoblastoma protein (pRb). In addition,
calcitriol induces apoptosis in some cells and down-regulates
some anti-apoptotic genes, like bcl-2. Loss of the expression
of cell cycle regulators has been associated with a more
aggressive cancer phenotype, decreased prognosis and
poorer survival. This suggests that calcitriol may be a
suitable therapy to inhibit PCa progression[2–11]. Studies
from our laboratory have implicated the increased expression
of insulin-like growth factor binding protein-3 (IGFBP-3)
in the growth inhibition induced by calcitriol which in turn
increases p21Waf/Cip1 expression[29]. Other mechanisms of
calcitriol actions in PCa cells include the stimulation of differ-
entiation, modulation of growth factor actions and the inhibi-
tion of invasion and metastasis[2–11]. Some in vivo studies
have also demonstrated that the inhibition of angiogenesis
contributes to the anti-tumor effects of calcitriol[2–11].
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Fig. 1. Regulation of 15-PGDH and COX-2 by calcitriol in LNCaP cells
and normal primary prostatic epithelial cells. LNCaP human prostate cancer
cells or primary human prostatic epithelial cells derived from normal prostate
were treated with calcitriol (50 nM) for 6 (�) or 24 h (�). PolyA+ RNA
was isolated and cDNAs were hybridized to a 24.192 element array. Data
represent mean fold of increase or decrease of gene expression. (Adapted
from Krishnan et al.[30] and Peehl et al.[31].)

normal primary prostate epithelial cells (seeFig. 1) [30,31].
Calcitriol also suppresses the expression of prostaglandin-
endoperoxide synthase gene, also known as cyclooxygenase-
2 (COX-2) in LNCaP cells (seeFig. 1). We have confirmed
calcitriol regulation of these two genes by real time RT-
PCR analysis. These data suggest that the regulation of PG
metabolism could be an important molecular pathway of cal-
citriol action in prostate cells.

6.1.1. COX-2
Prostaglandins play a role in the development and pro-

gression of PCa (for a review see Ref.[32]). Accumulating
evidence implicates PGs as mediators of proliferation of PCa
[33]. PG synthesis begins with the intracellular release of
arachidonic acid (AA) from plasma membrane via the action
of phospholipase A2. COX is the rate-limiting enzyme that
catalyzes the conversion of AA to PGs[34]. The expres-
sion of COX-2 is rapidly induced by a variety of mitogens,
cytokines, tumor promoters and growth factors, and there-
fore COX-2 is regarded as an immediate-early response gene
[34]. Compelling evidence from genetic and clinical studies
indicates that increased expression of COX-2 is one of the
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. Novel calcitriol target genes

We performed cDNA-microarray analyses of normal
ancer-derived primary prostatic epithelial cells and LN
uman PCa cells[30,31]to identify the molecular targets b
hich calcitriol mediates its effects on PCa cells.Table 1
resents some of the genes regulated by calcitriol in pro
ells. Our studies have recently shown that calcitriol regu
he expression of the genes involved in prostaglandin
etabolism which has led us to hypothesize a new path

or the anti-cancer activity of calcitriol, namely the regulat
f PG metabolism[30,31].

.1. Calcitriol effects on prostaglandin metabolism

Our microarray analyses showed that calcitriol
egulates the expression of NAD+-dependent 15-hydrox
rostaglandin dehydrogenase (15-PGDH) in LNCaP

able 1
enes modulated by calcitriol in prostate cells

ene Cell typ

nsulin-like growth factor binding protein-3 LNCaP
itamin D 24-hydroxylase Norm
itamin D 24-hydroxylase PCa-de
5-Hydroxyprostaglandin dehydrogenase Normal
5-Hydroxyprostaglandin dehydrogenase LNCaP
yclooxygenase-2 LNCaP

dapted from Krishnan et al.[30] and Peehl et al.[31].
Fold change

6 h 24 h

2.42 33.2
tate primary cells 79.1 82.5
pithelial cells 78.1 46.1
te primary cells 1.2 2.3

0.95 2.66
−0.66 −2.13
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key steps in carcinogenesis. Constitutive and high-levels of
COX-2 activity have been detected in colon, lung, breast and
prostate cancer[33,35]. It is known that high levels of PGE2,
one of the products of COX-2 activity, stimulate epithelial
cell growth [33], promote cell survival and invasion[36].
Several studies have demonstrated COX-2 over-expression
in prostate adenocarcinoma[32,37] suggesting a positive
role for COX-2 in prostate tumorigenesis. COX-2 expression
appears to be linked to cell survival. For example, COX-2
over-expression leads to the stabilization of survivin[38],
a member of the inhibitor of apoptosis protein family that
block caspase activation. The stabilization of survivin alters
the balance between pro- and anti-apoptotic pathways lead-
ing to resistance to apoptosis. COX-2 expression has also
been associated with angiogenesis and tumor metastasis[37]
and the administration of a COX-2 inhibitor suppresses the
growth of prostate tumor xenograft in mice by inhibiting
angiogenesis[32]. We have found that calcitriol treatment
decreases COX-2 gene expression in PCa cells (Fig. 1)[30].
Our data suggest that COX-2 suppression by calcitriol might
contribute to the hormone’s tumor inhibitory actions and anti-
metastatic potential.

6.1.2. 15-PGDH
15-PGDH catalyzes the conversion of PGs into mostly

inactive 15-keto derivatives[39]. A growing body of evidence
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actions to reduce COX-2 expression and increase 15-PGDH
expression. We further propose that the modulation of PG
metabolism is an important molecular mechanism mediating
the anti-proliferative and anti-metastatic activities of cal-
citriol.

7. Calcitriol and NSAIDs

Recent exciting findings show that non-steroidal anti-
inflammatory drugs (NSAIDs) exert chemopreventive effects
in several cancers[32,45]. NSAIDs have also been shown to
suppress PCa development and progression[32,46]. The pri-
mary action of NSAIDs is to inhibit PG synthesis by directly
inhibiting the enzymatic activity of COX-1 as well as COX-
2. Many in vitro and in vivo studies have demonstrated that
NSAIDs inhibit PCa growth and cause apoptosis of PCa
cells [32,45]. However, many NSAIDs exhibit differences
between their ability to inhibit COX-2 and to induce apopto-
sis suggesting that apoptosis induction may be independent
of COX-2 inhibition [47]. The actions of NSAIDs on 15-
PGDH are not clear. While many NSAIDs have been shown
to inhibit the enzymatic activity of 15-PGDH[48], the non-
selective NSAID indomethacin has been reported to enhance
the expression and activity of 15-PGDH in thyroid carcinoma
[49].
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as implicated 15-PGDH as a potential target for cancer
py [40,41]. Various studies indicate that 15-PGDH act
putative tumor suppressor gene in lung cancer[41]. Back-

und et al.[42] demonstrated a down-regulation of 15-PG
xpression in colorectal carcinoma. 15-PGDH has rec
een described as an oncogene antagonist that functio
tumor suppressor in colon cancer[43]. The study foun

hat 15-PGDH, which physiologically antagonizes COX
as universally expressed in normal colon specimens
as routinely absent or severely reduced in cancer s
ens. The study also showed that 15-PGDH expressio

nduced by transforming growth factor� (TGF�) and tha
olon tumor cells exhibited mutations in TGF�receptors o
he genes involved in the SMAD signaling pathway expl
ng the decreased 15-PGDH levels in colon cancer. M
mportantly, stable transfection of a 15-PGDH expres
ector into cancer cells greatly reduced the ability of the
o form tumors and/or slowed tumor growth in nude mice.
uthors concluded that 15-PGDH suppressed the effe

he oncogene COX-2 and had an additional effect to in
ngiogenesis in vivo[43]. Our studies show an up-regulat
f 15-PGDH gene expression by calcitriol in normal
alignant prostate cells (Fig. 1)[30,31] and this regula

ion might mediate some of the anti-cancer effects of
itriol. Interestingly, calcitriol has also been shown to ind
he expression of 15-PGDH in human neonatal monoc
44].

Based on our observations summarized inTable 1, we
ypothesize that calcitriol treatment of PCa cells wo
educe the levels of biologically active PGs due to its d
s

We hypothesize that the combination of calcitriol a
SAIDs would be additive/synergistic in their activity

nhibit PCa growth. The action of calcitriol at the genom
evel to suppress COX-2 gene expression will decreas
evels of COX-2 protein and allow the use of lower conc
rations of NSAIDs to inhibit COX-2 enzyme activity. T
ction of calcitriol to increase 15-PGDH expression wo
lso complement NSAID action. The use of COX-2 se

ive NSAIDs has recently been shown to cause some se
ardiovascular side effects, such as increased risk of
ttacks, stroke, sudden death and blood clots[50]. The unde
irable effect of calcitriol therapy is limited to hypercalcem
e propose that a combination therapy of calcitriol w
NSAID would allow the use of lower concentrations

oth drugs, thus reducing their individual side effects w
ncreasing their anti-proliferative and pro-apoptotic ac
ies.

. Conclusions

Our research is directed at understanding the mo
ar mechanisms of the anti-proliferative activity of calcitr
n prostate cells with the goal of developing strategie
mprove PCa treatment. Using cDNA microarrays we h
ecently found that calcitriol modulates the expression g
nvolved in PG metabolism. Calcitriol suppresses the exp
ion of COX-2 gene, the enzyme that catalyzes PG sy
is and up-regulates the expression of 15-PGDH gene
nzyme involved in PG inactivation. We hypothesize
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calcitriol treatment of PCa cells would reduce the levels of
biologically active PGs due to its dual actions on COX-2 and
15-PGDH expression, and thereby decrease the PG-mediated
proliferative stimulus. We further propose that the calcitriol
effects would complement the action of NSAIDs, which are
known inhibitors of both COX-1 and COX-2. The action
of calcitriol at the genomic level to suppress COX-2 gene
expression will decrease the levels of COX-2 protein and
allow the use of lower the concentrations of NSAIDs needed
to inhibit COX-2 enzyme activity. A combination of calcitriol
with a NSAID would allow the use of lower concentrations of
both drugs, thus reducing their individual side effects while
increasing their anti-proliferative and pro-apoptotic activi-
ties. The combination approach is an attractive therapeutic
strategy in the treatment of PCa and can be brought to clini-
cal trials swiftly.

Note added in proof

Since this paper was originally written we have used real-
time PCR and Western blot analyses to confirm that calcitriol
inhibits PG actions in human PCa cell lines and primary pro-
static epithelial cells. We found that calcitriol increased the
expression of 15-PGDH, reduced the expression of COX-
2, and reduced the expression of EP2 and FP PG receptors.
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Abstract

Calcitriol exhibits antiproliferative and prodifferentiation
effects in prostate cancer. Our goal is to further define the
mechanisms underlying these actions. We studied established
human prostate cancer cell lines and primary prostatic epi-
thelial cells and showed that calcitriol regulated the expression
of genes involved in the metabolism of prostaglandins (PGs),
known stimulators of prostate cell growth. Calcitriol signifi-
cantly repressed the mRNA and protein expression of prosta-
glandin endoperoxide synthase/cyclooxygenase-2 (COX-2),
the key PG synthesis enzyme. Calcitriol also up-regulated the
expression of 15-hydroxyprostaglandin dehydrogenase, the
enzyme initiating PG catabolism. This dual action was
associated with decreased prostaglandin E2 secretion into
the conditioned media of prostate cancer cells exposed to
calcitriol. Calcitriol also repressed the mRNA expression of
the PG receptors EP2 and FP, providing a potential additional
mechanism of suppression of the biological activity of PGs.
Calcitriol treatment attenuated PG-mediated functional
responses, including the stimulation of prostate cancer cell
growth. The combination of calcitriol with nonsteroidal anti-
inflammatory drugs (NSAIDs) synergistically acted to achieve
significant prostate cancer cell growth inhibition at f2 to 10
times lower concentrations of the drugs than when used alone.
In conclusion, the regulation of PG metabolism and biological
actions constitutes a novel pathway of calcitriol action thatmay
contribute to its antiproliferative effects in prostate cells. We
propose that a combination of calcitriol and nonselective
NSAIDs might be a useful chemopreventive and/or therapeutic
strategy in men with prostate cancer, as it would allow the use
of lower concentrations of both drugs, thereby reducing their
toxic side effects. (Cancer Res 2005; 65(17): 7917-25)

Introduction

In the United States, prostate cancer remains the most common
solid tumor malignancy in men, causingf30,000 deaths in 2005 (1).
Effective treatment options include surgery and radiation therapy.
The main treatment strategy for advanced prostate cancer involves
androgen deprivation therapy to which patients initially respond
very well. However, most patients eventually fail this therapy and
frequently develop metastatic disease. Current research on prostate
cancer aims to identify new agents thatwould prevent and/or inhibit
its progression.

1,25-Dihydroxyvitamin D3 (calcitriol), the active form of
vitamin D, is the major regulator of calcium and phosphate
homeostasis in bone, kidney, and intestine (2). However, calcitriol
has also been shown to exhibit antiproliferative and prodiffer-
entiation effects in many normal and malignant cells including
prostate cancer cells (3–10). There are multiple mechanisms
underlying the antiproliferative effects of calcitriol, which vary
between target cells (10). These include cell cycle arrest (9, 11)
and the induction of apoptosis (12). Several genes that mediate
these growth regulatory effects have been identified to be the
molecular targets of calcitriol action, such as p21, p27, bcl-2, and
insulin-like growth factor binding protein-3 (IGFBP-3 ; refs. 5–14).
We recently did cDNA microarray analyses to more fully
characterize the spectrum of genes regulated by calcitriol in
prostate cells (15, 16). Among the newly identified genes regulated
by calcitriol, we found two genes which play a key role in
prostaglandin (PG) metabolism: the prostaglandin endoperoxide
synthase-2 or cyclooxygenase (COX)-2 and the NAD+-dependent
15-hydroxyprostaglandin dehydrogenase (15-PGDH). PGs are
synthesized from free arachidonic acid (17) by COXs. There are
two well-characterized COX isoforms: COX-1, a constitutive form
of the enzyme, and COX-2, an inducible form of the enzyme. PGs
are implicated in the initiation and progression of many
malignancies including prostate cancer (18–20). Tumor cells with
elevated COX-2 levels are highly resistant to apoptosis, show
increased angiogenic potential, and exert suppressive effects on
host immunity (19, 20). Nonsteroidal anti-inflammatory drugs
(NSAIDs), known inhibitors of both COX-1 and COX-2 enzymatic
activity, are under intense investigation to prevent and/or treat
malignancies (19, 21). 15-PGDH, which mediates the catalytic
inactivation of PGs by converting them to the corresponding keto
derivatives, has been found to be down-regulated in some cancers
(22, 23) and has recently been regarded as a tumor suppressor
gene (24).
In the current study, we investigated the regulation of COX-2 and

15-PGDH by calcitriol in the androgen-dependent LNCaP and
androgen-independent PC-3 human prostate cancer cell lines as well
as in primary prostatic epithelial cells derived from normal and
cancerous human prostate tissue. Calcitriol reduced the expression
of COX-2 and increased that of 15-PGDH. Calcitriol treatment of
prostate cancer cells decreased the concentration of prostaglandin
E2 (PGE2) secreted into the conditioned medium. In addition,
calcitriol also decreased the expression of the mRNA of PG receptors
EP2 and FP. Our data indicate that these mechanisms led to the
attenuation of PG-mediated functional responses by calcitriol,
including the suppression of PG stimulation of cell growth. Further,
our study showed that the combination of calcitriol and NSAIDs
exhibited synergistic growth inhibition, suggesting that the combi-
nation might be a useful therapeutic and/or chemopreventive
strategy in prostate cancer.
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Materials and Methods

Materials
PGE2, prostaglandin F2a (PGF2a), arachidonic acid, NS-398, and SC-58125

were obtained from Cayman Chemical Co. (Ann Arbor, MI). Calcitriol was a
gift from Leo Pharma A/S (Ballerup, Denmark). All stock solutions were
made in 100% ethanol and stored at �20jC. Tissue culture media were
obtained from Mediatech, Inc. (Herndon, VA). Tissue culture supplements
and fetal bovine serum (FBS) were obtained from Life Technologies, Inc.
(Grand Island, NY).

Methods
Cell culture. LNCaP (ATCC no. CRL-1740) and PC-3 (ATCC no. CRL-1435)

cells were grown in RPMI 1640 supplemented with 5% FBS, 100 IU/mL of
penicillin, and 100 Ag/mL streptomycin (Life Technologies). Cells were
maintained at 37jC with 5% CO2 in a humidified incubator. Primary cells
were derived from radical prostatectomy specimens from men undergoing
surgery for prostate cancer treatment. None of the patients had received prior
therapy for prostate cancer. The normal cell strains (E-PZ-1 to -3) were
derived from peripheral zone tissue with no histologic evidence of cancer in
adjacent sections. The cancer cell strains used, E-CA-1 (Gleason grade 3/3),
E-CA-2 (Gleason grade 4/5), and E-CA-3 (Gleason grade 4/3), were derived
from adenocarcinoma specimens. Primary cell cultures were established
from the prostate tissue samples and propagated in culture as we have
previously described (25).

Cell proliferation assay. Prostate cancer cells were seeded at an initial
density of 1.5 � 105 cells/well in six-well tissue culture plates and allowed to
attach overnight in RPMI 1640 with 5% FBS. Cell cultures were shifted to
medium containing 2% FBS and treated in triplicate over the next 6 days with
either 0.1% ethanol vehicle or the indicated concentrations of drugs. Fresh
media and the drugs were replenished every other day. At the end of the
treatment, the cells were collected by gentle scraping and subjected to lysis in
0.2 N NaOH. Cell proliferation was assessed by the determination of DNA
content (26).

RNA isolation and real-time reverse transcription-PCR. Total RNA
was isolated from vehicle or drug-treated cells by the Chomczynski method
using Trizol reagent (Invitrogen, Life Technologies, Inc., Carlsbad, CA) as
previously described (15). The yield and purity of isolated RNA were checked
by UVspectrophotometry. Five micrograms of total RNAwere used in reverse
transcription reactions using the SuperScript III first strand synthesis kit
(Invitrogen). Gene expression in vehicle or calcitriol-treated cells was
determined by real-time PCR using the reverse transcription product and
gene-specific primers. The reactions were carried out with the DyNamo SYBR
Green qPCR kit (Finnzymes, Oy, M.J. Research, Reno, NV) in a 20 AL reaction
volume containing gene-specific primers (10 pmol). All real-time PCR
reactions were done in duplicate according to the following program:
incubation at 72jC for 5 minutes, incubation at 95jC for 5 minutes, and 40
cycles of 94jC for 20 seconds, 58jC for 15 seconds, and 72jC for 20 seconds.
PCR products were subjected to agarose gel electrophoresis to determine the
purity and size of the amplified products (27). Real-time PCRwas carried out
using an Opticon 2 DNA engine (M.J. Research). Relative changes in mRNA
expression levels were assessed by the 2�DDC(T) method (28). Changes in
mRNA expression of the different genes were normalized to that of TATA
binding protein (TBP) gene or glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) gene. The primers used were as follows: COX-2: 5V-GATACTCAGG-
CAGAGATGATCTACCC-3V (sense), 5V-AGACCAGGCACCAGACCAAAGA-3V
(antisense); 15-PGDH: 5V-GACTCTGTTCATCCAGTGCG-3V (sense), 5V-CCTT-
CACCTCCATTTTGCTTACTC-3V (antisense); c-fos : 5V-GAATAAGATGGCTG-
CAGCCAAATGCCGCAA-3V (sense), 5V-CAGTCAGATCAAGGGAAGCCACA-
GACATCT-3V (antisense; ref. 29); EP2: 5V-GTGCTGACAAGGCACTTCATGT-3V
(sense), 5V-TGTTCCTCCAAAGGCCAAGTAC-3V (antisense); FP: 5V-GCACATT-
GATGGGCAACTAGAA-3V (sense), 5V-GCACCTATCATTGGCATGTAGCT-3V
(antisense); TBP : 5V-CACTCACAGACTCTCACAACTGC-3V (sense), 5V-
GTGGTTCGTGGCTCTCTTATC-3V (antisense); GAPDH : 5V-GCCTCAAGAT-
CATCAGCA-3V (sense), 5V-GTTGCTGTAGCCAAATTC-3V (antisense).

Measurement of prostaglandin E2 secretion. Subconfluent LNCaP

cells were treated with vehicle or calcitriol for 48 hours. Conditioned media
were collected and secreted PGE2 levels were quantitated using a PGE2

monoclonal enzyme immunoassay kit (Cayman Chemical) according to the
protocol of the manufacturer.

Western blot analysis. Cell lysates were prepared from vehicle or

calcitriol-treated cells by lysis with a buffer containing 50 mmol/L Tris-HCl,

1 mmol/L EDTA, and 1.6 mmol/L CHAPS (Sigma-Aldrich, St. Louis, MO)
supplemented with a protease inhibitor cocktail (Complet, Roche

Diagnostics GmbH, Mannheim, Germany). Lysates were incubated at 4jC
for 20 minutes and centrifuged at 10,000 � g for 1 minute to sediment

particulate material. The protein concentration of the supernatant was
measured by the Bradford method (30). Proteins were separated in either

10% NuPAGE gels in MOPS-SDS running buffer (Invitrogen) or 10%

polyacrylamide Tris-Tricine (Sigma-Aldrich) gels depending on the size of

the protein to be detected. After electrophoresis, proteins were transferred
onto nitrocellulose membranes by electroblotting. The COX-2 monoclonal

(1:1000 dilution) and 15-PGDH polyclonal antibodies (1:250 dilution) used in

our study were purchased from Cayman Chemicals. h-Actin monoclonal
antibody (dilution 1:500) was obtained from Santa Cruz Biotechnology, Inc.

(Santa Cruz, CA). Membranes were incubated with the appropriate primary

antibodies followed by incubations with a secondary antibody to

immunoglobulin G conjugated to horseradish peroxidase (Cell Signaling
Technology, Inc., Beverly, MA). Immunoreactive bands were visualized using

the enhanced chemiluminescence Western blot detection system (Amer-

sham, Piscataway, NJ) according to the instructions of the manufacturer.

The blots were also probed for the expression of h-actin as a control. COX-2
protein was visualized as a f70 kDa immunoreactive band. 15-PGDH

protein was visualized as a f29 kDa immunoreactive band. Immunoreac-

tive bands were scanned by densitometry (HP Scanjet 7400C) and
quantified using Bio-Rad software (Bio-Rad, Hercules, CA). COX-2 or 15-

PGDH signals were normalized to h-actin levels in each sample.

Results

We previously showed by cDNAmicroarray analysis that calcitriol
regulated the expression of two of the key genes involved in PG
metabolism (i.e., COX-2 and 15-PGDH) in LNCaP human prostate
cancer cells (15) and 15-PGDH in primary normal prostatic epithelial
cells (16). In the present study, we extended these observations to
include an evaluation of calcitriol effects on the expression of these
two genes at both the mRNA and protein levels in LNCaP and PC-3
cells. In addition, we also examined the effects of calcitriol in
primary prostatic epithelial cell strains derived from normal
prostate as well as prostate adenocarcinoma specimens.
Down-regulation of cyclooxygenase-2 expression by calci-

triol. Real-time reverse transcription-PCR (RT-PCR) analysis
showed significant decreases in COX-2 mRNA levels in both
androgen-dependent LNCaP (f70% inhibition) and androgen-
independent PC-3 cells (f45% inhibition) due to calcitriol
treatment (Fig. 1A). Although both LNCaP and PC-3 prostate cancer
cells have been shown to express COX-2 protein (31), we found that
PC-3 cells exhibited higher basal levels of COX-2 protein expression
when compared with LNCaP cells (not shown). We therefore used
PC-3 cells to assess the effect of calcitriol on COX-2 protein
expression. Figure 1B shows that the addition of 10 nmol/L calcitriol
to PC-3 cultures for 48 hours reduced COX-2 protein level tof60%
of control, with 100 nmol/L calcitriol having no further effect.
Up-regulation of 15-hydroxyprostaglandin dehydrogenase

expression by calcitriol. We examined the effect of calcitriol on
15-PGDH mRNA levels in LNCaP and PC-3 cells. Our data show
that 10 nmol/L calcitriol increased 15-PGDH mRNA expression by
f3.6-fold in LNCaP cells and by f3-fold in PC-3 cells (Fig. 1C).
We found that the basal protein expression of 15-PGDH varied
between different cell lines with the LNCaP exhibiting appreciable
levels of the 15-PGDH protein whereas barely detectable levels
were seen in PC-3 cells. Therefore, we examined the effect of
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calcitriol on 15-PGDH protein expression in LNCaP cells and
found a dose-dependent increase in 15-PGDH protein levels in
response to calcitriol treatment (Fig. 1D).
Calcitriol effects on cyclooxygenase-2 and 15-hydroxypros-

taglandin dehydrogenase mRNA levels in primary prostatic
epithelial cells. We extended our analysis to include calcitriol
effects on primary cultures of prostatic epithelial cells derived from
normal prostate as well as adenocarcinoma specimens removed at
surgery. Real-time RT-PCR analysis showed considerable decreases
(55-90%) in COX-2 mRNA levels in two of the three normal primary
cell strains tested (E-PZ-1 and E-PZ-3) after 24 hours of calcitriol
treatment (Fig. 2A). In all three cancer-derived primary cultures
(E-CA-1 to -3) significant reductions (f48-60%) in COX-2 mRNA
levels were seen at an earlier time point, after 6 hours of calcitriol
treatment, and the down-regulatory effect was lost by 24 hours
except in the case of E-CA-2 (Fig. 2B). Figure 2C and D shows the
calcitriol-induced changes in 15-PGDH mRNA in primary prostatic
cells. In the normal primary cells, calcitriol treatment caused

appreciable increases in 15-PGDH mRNA in two of the three strains
tested. The time course of this effect showed minor differences. In
E-PZ-1 and E-PZ-2 cells significant increases (f2- to 18-fold) were
achieved at the end of 6 and 24 hours, respectively (Fig. 2C). In two
of three of the cancer-derived primary cultures (E-CA-2 and -3),
significant increases (f2- to 5-fold) were seen at the end of 24
hours (Fig. 2D). In general, the magnitude of COX-2 mRNA down-
regulation as well as 15-PGDH mRNA increase was more
pronounced in the primary cells derived from normal prostatic
tissue when compared with both the cancer-derived primary cells
and the established prostate cancer cell lines.
Effect of calcitriol on prostaglandin levels. As a result of the

dual action of calcitriol to down-regulate the expression of PG
synthesizing COX-2 and increase the PG catabolizing 15-PGDH, we
expected a reduction in PG production and secretion in prostate
cancer cells treated with calcitriol. We measured the levels of PGE2
in the conditioned media from LNCaP cells treated with various
concentrations of calcitriol for 48 hours. Figure 3A shows that the

Figure 1. Calcitriol regulates COX-2
and 15-PGDH expression in prostate
cancer cell lines. A, calcitriol decreases
COX-2 mRNA levels. Subconfluent
cultures of LNCaP and PC-3 cells were
treated with 0.1% ethanol (Con ) or 10
nmol/L calcitriol (Cal) for 24 hours and total
RNA was extracted. COX-2 mRNA levels
were determined by real-time RT-PCR as
described in Materials and Methods and
were normalized to TBP mRNA levels in
the same samples. COX-2/TBP ratio
shown as a percent of control set at 100%;
columns, mean from five experiments;
bars, SE. B, calcitriol decreases COX-2
protein levels. Subconfluent cultures of
PC-3 cells were treated with 0.1% ethanol
(Con ) or 10 or 100 nmol/L calcitriol (Cal )
for 48 hours. Fifty micrograms of total
protein were subjected to Western blot
analysis as described in Materials and
Methods. Representative Western blot.
The densitometric units of COX-2
immunoreactive bands were normalized to
the densitometric units of the
corresponding h-actin bands. Results
expressed as the ratio of the control set at
1. C, calcitriol increases 15-PGDH mRNA
levels. Cells were treated and processed
as described in A . 15-PGDH/TBP ratio in
calcitriol-treated cells given as a percent
of control set at 100%; columns, mean
from five experiments; bars, SE. D,
calcitriol increases 15-PGDH protein
levels. LNCaP cells were treated as in
B . The densitometric units of 15-PGDH
immunoreactive bands were normalized to
the densitometric units of the
corresponding h-actin bands. Results
expressed as the ratio of the control set
at 1; columns, mean of three experiments;
bars, SE. *, P < 0.05; **, P < 0.01, when
compared with control.
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addition of calcitriol caused a significant reduction in PGE2
secretion with the maximal decrease (f34%) seen with 100 nmol/L
calcitriol.
Effects of calcitriol on prostaglandin receptor expression.

Prostate cancer cells have been shown to express the PGE receptor
subtypes EP2 and EP4 (29). We examined the effects of calcitriol on
the expression of the PGE2 receptor isoforms EP1, EP2, EP3, and EP4,
and the PGF2a receptor FP. LNCaP cells treated with 10 nmol/L
calcitriol for 24 hours showed a significant (f45%) down-regulation
of EP2mRNA (Fig. 3B). We did not detect any changes in the levels of
EP1, EP3, or EP4 mRNA following calcitriol treatment (not shown).
FP mRNA levels were also down-regulated (f33% decrease) by
calcitriol (Fig. 3C).
Inhibition of prostaglandin-mediated induction of c-fos

mRNA by calcitriol. Because calcitriol modulated the levels of
biologically active PGs as well as PG receptor expression, we
examined its effect on a PG-mediated functional response, (i.e., the
induction of the immediate-early gene c-fos ; ref. 29). As serum is a
potent inducer of c-fos expression (32), we conducted the
experiment under serum-free conditions using PC-3 cells. Unlike
LNCaP, PC-3 cells could be briefly maintained in serum-free media
for calcitriol pretreatment and subsequent treatment with the PG
precursor arachidonic acid. PC-3 cells were pretreated with vehicle
or 10 nmol/L calcitriol for 48 hours followed by a brief (30 minutes)
exposure to exogenous arachidonic acid (3 Amol/L) directly added
to the culture medium. RNA was then isolated and the induction of
c-fos mRNA was determined as an indicator of the biological
activity of PGs endogenously synthesized from arachidonic acid. As

shown in Fig. 3D , in vehicle pretreated cells arachidonic acid
exposure resulted in a significant induction (f2.5-fold) of c-fos
mRNA levels after 30 minutes. Calcitriol pretreatment completely
abrogated the induction of c-fos mRNA due to arachidonic acid
addition. Calcitriol pretreatment by itself caused a minor increase
in c-fos mRNA levels when compared with vehicle pretreated cells,
which was not statistically significant.
Effects of calcitriol on prostaglandin-mediated growth

stimulation. We examined the effect of calcitriol on the stimulation
of prostate cancer cell growth by exogenous PG addition aswell as by
endogenous PGs derived from the substrate arachidonic acid added
to the culture medium. We treated LNCaP and PC-3 cells with
arachidonic acid (3 Amol/L), PGE2, or PGF2a (10 Amol/L each) in the
absence or presence of 10 nmol/L calcitriol. Our results revealed a
moderate but significant growth stimulation by arachidonic acid
and exogenous PGs in both LNCaP (Fig. 4A) and PC-3 cells (Fig. 4B).
Calcitriol had a marked growth inhibitory action when given alone.
In addition, calcitriol blocked the growth stimulation due to
endogenous PGs derived from the added arachidonic acid as well
as exogenous PG addition (Fig. 4A and B).
Synergistic inhibition of prostate cancer cell growth by

calcitriol and nonsteroidal anti-inflammatory drugs. We next
examined the combined effect of calcitriol and NSAIDs, which
are potent inhibitors of COX enzyme activity. We tested a
number of both COX-2–selective and nonselective NSAIDs
including NS-398, SC-58125, flufenamic acid, sulindac sulfide,
indomethacin, naproxen, and ibuprofen. Figure 5A to D illus-
trates the effect on prostate cancer cell growth of calcitriol alone

Figure 2. Calcitriol regulates the expression of COX-2 and 15-PGDH mRNA in primary prostatic epithelial cells. Primary cultures of prostatic epithelial cells
derived from the peripheral zone of normal prostate tissue (E-PZ-1 to -3) or adenocarcinoma (E-CA-1 to -3) were treated with 0.1% ethanol (Con ) or with 10 nmol/L
calcitriol (Cal ) for 6 or 24 hours. Total RNA was extracted and COX-2 and 15-PGDH mRNA levels were quantitated by real-time RT-PCR using gene-specific
primers as described in Materials and Methods. COX-2 and 15-PGDH mRNA levels were normalized to GAPDH mRNA levels and are given as a percent of control set
at 100%. Columns, mean from three experiments; bars, SE. Effect of calcitriol on COX-2 mRNA in three different normal primary epithelial cell strains (A ) and in
cancer-derived cell strains (B ). Changes in 15-PGDH mRNA in normal cell strains (C ) and in cancer-derived cell strains (D ). *, P < 0.05; **, P < 0.01; ***, P < 0.001,
when compared with control.
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or in combination with the NSAIDs that exhibited the best
growth inhibitory effect when used at a reduced dose. We show
the effects of calcitriol alone and in combination with the COX-
2–selective NSAIDs SC-58125 on the growth of LNCaP cells
(Fig. 5A) and NS-398 on the growth of PC-3 cells (Fig. 5B). In
LNCaP cells, calcitriol by itself had a modest effect (f20%) at 1
nmol/L but caused significant growth inhibition (f40%) at 10
nmol/L (Fig. 5A). The addition of the COX-2–specific inhibitor
SC-58125 by itself had a modest effect on cell growth (f20%
inhibition), which was not statistically significant, at the
concentration tested (5 Amol/L). The combination of 1 nmol/L
calcitriol with SC-58125, however, had a more pronounced
inhibitory effect (f73% growth inhibition with the combination
versus f20% inhibition with the individual agents), indicating a
synergistic interaction between these two drugs to inhibit cell
growth. SC-58125 also enhanced the growth inhibition seen with
the higher concentration of calcitriol (f80% inhibition with the
combination versus f40% inhibition with 10 nmol/L calcitriol
alone). Similar synergistic growth inhibitory effects were evident in
PC-3 cells treated with a combination of calcitriol and the COX-2–
selective inhibitor NS-398 (Fig. 5B). NS-398, when used alone at
7.5 Amol/L, did not affect the growth of PC-3 cells. However, it
enhanced the growth inhibition seen with both 1 and 10 nmol/L
calcitriol (f60% inhibition with the combination versus f20%
inhibition with 1 nmol/L calcitriol alone, and f75% inhibition

with the combination versus f40% inhibition with 10 nmol/L
calcitriol alone).
The growth inhibitory effect of calcitriol was similarly enhanced

when combined with nonselective NSAIDs that inhibit the
enzymatic activity of both COX-1 and COX-2. The nonselective
NSAID naproxen at 200 Amol/L did not inhibit the growth of LNCaP
cells (Fig. 5C). However, it enhanced the growth inhibition seen
with 1 and 10 nmol/L calcitriol (f65% inhibition with the
combination versus f48% inhibition with 10 nmol/L calcitriol
alone). Similarly, in PC-3 cells (Fig. 5D), the nonselective NSAID
ibuprofen at 150 Amol/L enhanced the growth inhibitory effect of
calcitriol (f74% inhibition with the combination versus f40%
inhibition with 10 nmol/L calcitriol alone) whereas it did not affect
cell growth when used alone at this concentration.
Based on extensive dose-response analysis (not shown), we

calculated the interaction index (c) using an isobolar method (33)
for each drug combination. This analysis indicated a synergistic
(superadditive) effect. The data suggested that f2 to 10 times
lower concentration of each drug is needed when used in
combination to achieve the same degree of growth inhibition as
achieved by the individual drugs.

Discussion

Calcitriol acts by multiple pathways to inhibit the proliferation
of prostate cancer cells (5–14). Our study shows that the regulation

Figure 3. A, calcitriol decreases PGE2 levels. Subconfluent
cultures of LNCaP cells were treated with 0.1% ethanol (Con )
or with the indicated concentrations of calcitriol (Cal ) for 48
hours. Conditioned media from control and calcitriol-treated
cultures were collected and PGE2 levels were determined
using an enzyme immunoassay kit (Materials and Methods).
Columns, mean from three experiments; bars, SE. *, P < 0.05.
B, changes due to calcitriol treatment in EP2 mRNA. LNCaP
cells were grown to subconfluence and treated with vehicle
(0.1% ethanol; Con ) or 10 nmol/L calcitriol (Cal ) for 24 hours.
Total RNA was extracted and analyzed for the mRNA
expression of EP2 by real-time RT-PCR using gene-specific
primers as described in Materials and Methods. EP2 mRNA
levels were normalized to the TBP mRNA levels. Values given
as a percent of control set at 100%; columns, mean from three
experiments; bars, SE. *, P < 0.05, when compared with
control. C, changes due to calcitriol treatment in FP mRNA.
LNCaP cells were treated and processed as in B for the mRNA
expression of FP by real-time RT-PCR. FP mRNA levels were
normalized to the TBP mRNA levels. Values are given as a
percent of control set at 100%; columns, mean from three
experiments; bars, SE. *, P < 0.05, when compared with
control. D, calcitriol inhibits PG-mediated induction of c-fos
mRNA. Subconfluent cultures of PC-3 cells were transferred to
serum-free RPMI 1640 containing 0.1% ethanol vehicle or
10 nmol/L calcitriol during 48 hours (pretreatment). Following
the pretreatment, the cultures were exposed for 30 minutes to
arachidonic acid (AA ; 3 Amol/L) added to the culture medium.
The cell cultures were then scraped, RNA was isolated, and
c-fos mRNA levels were determined by real-time RT-PCR
as described in Materials and Methods. c-fos mRNA levels
were normalized to TBP mRNA levels and are given as a
percent of control set at 100%. Columns, mean from three
experiments; bars, SE. *, P < 0.05, when compared with
control; +, P < 0.05, when compared with arachidonic acid.
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of PG metabolism is a novel and additional pathway by which
calcitriol may exert its antiproliferative actions in prostate cancer
cells. We have shown that calcitriol regulates biologically active PG
levels and PG actions by three mechanisms: (a) the suppression of
COX-2 expression, (b) the up-regulation of 15-PGDH expression,
and (c) the reduction of EP2 and FP PG receptor mRNA expression.
We propose that these three effects act together to effectively
inhibit the stimulation of prostate cancer cell proliferation by
endogenously derived PGs as well as PGs added exogenously.
Because PGs have been shown to promote prostate cell growth,
inhibit apoptosis, and stimulate prostate cancer progression
(18–20), we postulate that these effects of calcitriol to reduce PG
actions significantly contribute to the anticancer effects of the
hormone in prostate cancer.
The transformation of arachidonic acid into PGs and thrombox-

anes in mammalian cells is catalyzed by the enzyme COX, which has
two well-characterized isoforms. COX-1 is constitutively expressed
and is involved in housekeeping functions (17, 34). COX-2 is an
immediate-early gene that is induced by a variety of growth
promoting stimuli such as serum and growth factors, tumor
promoters, cytokines, and proinflammatory agents (17, 34), and is
regarded as an oncogene (24). COX-2 is overexpressed in various
cancers including some, but not all, prostate cancers (18, 21).
Inhibitors of COX-2 activity have been shown to suppress prostate
cancer cell growth both in vivo and in vitro (31, 35, 36). Our results
show the significant repression of COX-2 mRNA expression by
calcitriol in prostate cancer cell lines as well as in primary prostatic
epithelial cells and also a reduction inCOX-2 protein levels in prostate
cancer cell lines, suggesting that COX-2 is a calcitriol target gene.
PGE2 and PGF2a are rapidly catabolized in vivo into their

biologically inactive 13,14-dihydro-15-keto metabolites by a two-
step process carried out sequentially. The first step is initiated by

the reversible oxidation of their 15(S)-hydroxyl group by the
enzyme 15-PGDH (37). 15-PGDH is widely expressed in many
mammalian tissues (38) and has been shown to be modulated by
several hormones and factors (37–39), indicating the potential
importance of the regulation of this enzyme. In LNCaP cells, 15-
PGDH expression is up-regulated by androgens, interleukin-6, and
the cyclic AMP inducer forskolin in a protein kinase A–dependent
manner (40, 41). We now show that calcitriol is an important
regulator of 15-PGDH expression in prostate cancer cells. The
partial repression of COX-2 mRNA expression and the increase in
15-PGDH mRNA expression are also seen in primary prostatic
epithelial cells derived from normal prostate, suggesting that
these calcitriol effects are not restricted to malignant prostate
cells. 15-PGDH expression has been shown to be decreased in
many cancers (22, 23, 42). Calcitriol has also been shown to
increase the expression of 15-PGDH in neonatal monocytes (43),
where it exhibits prodifferentiation effects. 15-PGDH, which
physiologically antagonizes COX-2, has recently been described
as a putative oncogene antagonist that functions as a tumor
suppressor in colon cancer by Yan et al. (24) who found that 15-
PGDH was universally expressed in normal colon specimens but
was routinely absent or severely reduced in cancer specimens.
More importantly, stable transfection of a 15-PGDH expression
vector into cancer cells greatly reduced the ability of the cells to
form tumors and/or slowed tumor growth in nude mice. The
authors concluded that 15-PGDH suppressed the effects of the
oncogene COX-2 and exhibited an additional effect to inhibit
angiogenesis in vivo (24). Our present study shows calcitriol-
mediated suppression of the oncogene COX-2 and an increase in
the expression of the putative tumor suppressor 15-PGDH in
prostate cells, suggesting that calcitriol may play an important
role in the chemoprevention of prostate cancer.

Figure 4. Calcitriol abrogates the growth stimulatory effects of arachidonic acid (AA ) and exogenous PGs. LNCaP (A) and PC-3 (B ) were treated with arachidonic
acid (3 Amol/L), PGE2 (10 Amol/L), or PGF2a (10 Amol/L) individually or in combination with 10 nmol/L calcitriol (Cal ) for 6 days. Cell growth was determined by
measurement of DNA content as described in Materials and Methods. DNA contents are given as percentage of control value set at 100%, which was equivalent
to 12.3 F 1.2 Ag/well for LNCaP cells and 19.3 F 1.7 Ag/well for PC-3 cells. Columns, mean from six experiments; bars, SE. *, P < 0.05, when compared with control;
++, P < 0.01, when compared with arachidonic acid, PGE2, or PGF2a alone.
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As a result of its dual action to modulate COX-2 and 15-PGDH
expression, we expected calcitriol to reduce the levels of PGs in
prostate cancer cells. This indeed was the case as shown by the
decrease in PGE2 levels in the conditioned media from LNCaP cells
following calcitriol treatment. Calcitriol regulation of PGE2 synthesis
and secretion has been also reported in growth plate chondrocytes
(44), in monocytes (43, 45), and in interleukin-1h–stimulated
rheumatoid synovial fibroblasts (46). The effects of calcitriol on PG
synthesis and signaling in these target cells seem to be related to the
rapid nongenomic actions of calcitriol (47).
PGs exert their myriad effects through G-protein coupled

membrane receptors which activate different signal transduction
pathways (48). Prostate cancer cells have been shown to express
the PGE receptor subtypes EP2 and EP4 (29). Interestingly, our
study shows that calcitriol decreases the mRNA expression of the
PGE2 and PGF2a receptor subtypes EP2 and FP, providing yet
another mechanism for the suppression of the biological activity of
PGs by calcitriol. In a recent study examining the changes in gene
expression profile in the kidney of vitamin D receptor (VDR)
knockout mice, Li et al. (49) report increases in the expression of
EP3 and FP genes in VDR�/� kidneys, suggesting that calcitriol
may also regulate the expression of PG receptors in kidney. Our
study indicates that calcitriol not only decreases the concentration
of PGs but may also inhibit the biological activity of these reduced
PG levels by repressing of EP2 and FP receptor mRNA expression in
prostate cancer cells.

Chen and Hughes-Fulford (29) have shown that arachidonic acid
increases the expression of the immediate-early gene c-fos by
undergoing a COX-2–mediated conversion to PGE2, binding of
PGE2 to EP2/EP4 receptors, and subsequent activation of the
protein kinase A pathway, which leads to the expression of growth-
related genes. PGE2 has also been to shown to up-regulate the gene
expression of its own synthesizing enzyme COX-2 in prostate
cancer cells, thereby completing a positive feedback loop (31, 50).
We therefore examined the effect of calcitriol treatment on the
induction of c-fos and cell growth by arachidonic acid in prostate
cancer cells and found that calcitriol abolished c-fos induction and
growth stimulation by arachidonic acid. Our interpretation of these
observations is that they reflect both the effect of calcitriol to
decrease endogenous synthesis of PGs due to COX-2 suppression
and the ability of calcitriol to attenuate the biological activity of the
PGs due to 15-PGDH up-regulation and EP and FP receptor down-
regulation. The suppression by calcitriol of the growth stimulation
by exogenous PG addition is probably due to its ability to enhance
PG catabolism through the up-regulation of 15-PGDH expression
as well as PG receptor down-regulation.
NSAIDs are known inhibitors of COX activity and have been

shown to exhibit growth-suppressive effects in in vivo and in vitro
models of prostate cancer (19, 35, 36, 50–52). The growth inhibitory
and proapoptotic actions of NSAIDs are due to their ability to inhibit
cyclooxygenase activity to a large degree, although in recent years
mechanisms independent of COX-2 inhibition are also believed to

Figure 5. Synergistic inhibition of
prostate cancer cell growth by calcitriol and
NSAIDs. LNCaP or PC-3 cells were treated
with 0.1% ethanol vehicle (Con ) or 10
nmol/L calcitriol (Cal ) in the presence
and absence of the indicated NSAID. Cell
growth was determined by measuring the
DNA content as indicated in Materials and
Methods. DNA contents are given as
percentage of control value set at 100%.
A, LNCaP cells treated with a combination
of calcitriol (Cal ) and COX-2–specific
NSAID SC-58125 (5 Amol/L). 100% DNA
content = 10.15 F 1.22 Ag/well. B, PC-3
treated with calcitriol (Cal ) in the presence
and absence of the COX-2–selective
NSAID NS-398 (7.5 Amol/L). 100% DNA
content = 17.42 F 1.93 Ag/well. C, LNCaP
cells treated with calcitriol (Cal ) in the
presence and absence of the nonselective
NSAID naproxen (Nap ; 200 Amol/L). 100%
DNA content = 9.22 F 0.5 Ag/well. D, PC-3
cells treated with calcitriol (Cal )
in the presence and absence of the
nonselective NSAID ibuprofen (Ibu ;
150 Amol/L). 100% DNA content = 21.7
F 0.9 Ag/well. Columns, mean from six
experiments; bars, SE. *, P < 0.05; **,
P < 0.01, when compared with control. ++,
P < 0.01, when compared with 1 or 10
nmol/L Cal alone.
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play a role (52). Our data show that the combination of calcitriol with
COX-2–selective, as well as nonselective NSAIDs, acts synergistically
to reduce the growth of prostate cancer cells. Our hypothesis is that
the action of calcitriol at the genomic level to reduce COX-2
expression decreases the levels of COX-2 protein and allows the use
of lower concentrations of NSAIDs to inhibit COX-2 enzyme activity,
resulting in the enhanced growth inhibition seen with the
combination. The potential use of NSAIDs as chemopreventive or
therapeutic agents for a variety of malignancies, including prostate
cancer, is being intensely investigated (20, 21, 51, 53). We propose
that a combination of calcitriol and NSAID might be a useful
therapeutic strategy in prostate cancer. The clinical use of NSAIDs
has recently become controversial because of the cardiovascular
complications associated with the use of high doses of COX-2–
selective NSAIDs for prolonged periods of time (54, 55). In
comparison with the COX-2–selective inhibitors, the use of a
nonselective NSAID such as naproxen has been shown to be
associated with decreased cardiovascular adverse effects (56). As
shown by our study, an enhancement of growth inhibition is seen
when calcitriol is combined with nonselective NSAIDs such as
naproxen and ibuprofen. The clinical utility of the calcitriol
combination with a nonselective NSAID is therefore worthy of

evaluation, especially because the combination allows the use of
lower concentrations of calcitriol and the NSAIDs, thereby
improving the safety profile of the NSAIDs.
In conclusion, calcitriol acts by three separate mechanisms:

decreasing COX-2 expression, increasing 15-PGDH expression, and
reducing PG receptor mRNA levels. We believe that these actions
contribute to suppress the proliferative stimulus provided by PGs in
prostate cancer cells. The regulation of PG metabolism and
biological actions constitutes an additional novel pathway of
calcitriol action mediating its antiproliferative effects in prostate
cells. We propose that a combination of calcitriol and a nonselective
NSAID, such as naproxen, might be a useful therapeutic and/or
chemopreventive strategy in prostate cancer, as it would achieve
greater efficacy and allow the use of lower concentrations of both
drugs, thereby reducing their toxic side effects.
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